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Abstract 
Heatwave events have become more frequent and intense in most regions around the 
world, and they have significant effects on human health such as morbidity and mortality. 
However, little is known about the impact of maternal exposure to heatwave on birth 
outcomes.  
A population-based study was conducted to investigate the relationship between maternal 
exposure to heatwave and adverse birth outcomes in Brisbane, Australia. A 
comprehensive dataset was acquired, including birth record, socio-demographic, 
meteorological, and air pollution data from 2000 to 2010 in Brisbane. Extended Cox 
proportional hazard regression models with time-dependent covariates were performed. 
This study found, by using different heatwave definitions (HWDs), that in general, 
statistically significant increased risks of preterm birth and stillbirth exist for women 
exposed to heatwave during their last gestational week, compared with those who were 
not exposed to heatwave. For example, with HWD1 (2 or more consecutive days with a 
daily maximum temperature higher than the 90th percentile), the risk of preterm birth and 
stillbirth increased by 1.28-fold (95% CI: 1.16–1.40) and 1.42-fold (95% CI: 1.16–1.75), 
respectively, for those women who experienced at least one heatwave event in their last 
gestational week. Using most heatwave definitions, there were positive relationships 
between preterm births and heatwave exposure in every gestational month; it was also 
found that maternal exposure to heatwave in early pregnancy (i.e., gestational months 1–6) 
was more likely to increase the risk of stillbirth compared with heatwave exposure in late 
pregnancy.  
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In addition, the results regarding the effect modifications of maternal socio-demographic 
factors showed that the interactions of heatwave with maternal age (P=0.019), Indigenous 
status (P<0.001), baby’s gender (P=0.002), and economic status (P=0.018) were 
statistically significant. This study also found that women younger than 20, as well as 
having male fetuses, were more likely to deliver a stillbirth when exposed to heatwave 
during their last gestational weeks.  
The findings in this thesis may provide useful information for exploring the biological 
mechanisms of adverse birth outcomes, and may also have significant implications for 
public health policies and interventions to prevent heatwave-related birth effects. 
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Chapter 1 Introduction 
1.1 BACKGROUND  
By using most Representative Concentration Pathways (RCPs) scenarios (IPCC, 2013), the 
Intergovernmental Panel on Climate Change (IPCC) projects that the global average surface 
temperature will likely increase by 1-4 °C, relative to the average temperature from 
1850-1900, by 2100 as a consequence of anthropogenic carbon emissions. It has also been 
observed that over the last 50 years, heatwaves, one of the major extreme weather and 
climate events, have become more frequent and intense over most areas of Australia 
(Australian Bureau of Meteorology & CSIRO, 2014). 
A time-series analysis of extreme temperature events (Deo, 2007) found that most areas of 
Australia experienced an increasing trend of heatwave events from 1950 to 2005. In that 
study, the historical records of daily maximum air temperature and humidity at 61 stations 
across Australia were collected and the heatwave event trends during 1950–2005 were 
quantified. Results showed that there was an increasing trend of three-day worst-annual heat 
index over the entire period, and furthermore, the trend was most obvious over eastern 
Australia, where most of the time-series showed a monotonic increase. 
In the last decade, the potential impact of climate change on human health has been 
increasingly recognised. The associations between heatwave and a large range of health 
outcomes such as deaths and emergency hospital admissions have been examined 
(Empereur-Bissonnet et al., 2006; Rebetez et al., 2009; Tong et al., 2010a; van Iersel et al., 
2009; Wang et al., 2009). However, limited studies (Lajinian et al., 1997; Porter et al., 1999) 
have been conducted to explore the influence of climate change on pregnant women and on 
infants, the two potentially most vulnerable groups. To date, only one study has examined the 
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relationship between heatwave and preterm birth and found that heatwave exposure could 
increase the daily number of preterm births in Rome, Italy (Schifano et al., 2013). 
According to the World Health Organization’s (WHO’s) definition (2007), preterm birth is 
defined as a childbirth occurring at less than 37 completed weeks or 259 days of gestation. In 
modern obstetrics, preterm birth is the leading cause of infant morbidity and mortality and it 
has long-term adverse influences on the whole period of a child’s life. 
The definition of a stillbirth varies across countries. In Australia, stillbirth is defined as a fetal 
death prior to the complete expulsion or extraction from the mother, after 20 or more 
completed weeks of gestation and/or a birth weight of 400 grams or more (Queensland Health 
Statistics Centre, 2010). 
In some developed countries, preterm birth rates range from 5% to 13% of live births (Beck 
et al., 2010). Meanwhile, it is estimated that the annual global burden of stillbirths was 2.64 
million (1.9%) in 2009, with the vast majority (98%) occurring in low- and middle-income 
countries. This figure shows a decline when compared with the total number of stillbirths (3.2 
million) in 2000 (Cousens et al., 2011; Yakoob et al., 2010). The incidences of preterm birth, 
stillbirth, and low birth weight in Queensland in 2008 were 7.8%, 0.63% and 5.2% 
respectively (Queensland Health, 2008). 
Children who are born prematurely are more likely to experience death, respiratory illnesses, 
neuro-developmental disorders, lower cognitive abilities, and even increased behavioural 
problems (Alan T, 2007; Beck et al., 2010; Colvin et al., 2004; Huddy et al., 2001). In 
addition to physical and psychological damage to children’s health, it also increases the 
economic burdens of the families in terms of more health care costs or educational spending 
(Mangham et al., 2009; Petrou, 2005; Russell et al., 2007). In 2006, the total cost of preterm 
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birth to the public sector was estimated to be £2.946 billion (US $4.567 billion) in England 
and Wales (Mangham et al., 2009). 
Several studies have investigated the relationship between high ambient temperatures and 
adverse birth outcomes (Basu et al., 2010; Dadvand et al., 2011; Lee et al., 2007; Schifano et 
al., 2013; Strand et al., 2012; Yackerson et al., 2008). Findings about how meteorological 
factors might influence the risk of preterm birth are inconsistent. Schifano et al. (2013) 
reported that in Rome, with a 1 °C increase of maximum apparent temperature in the two 
days preceding delivery, the rate of preterm births increased by 1.9% (95% CI: 0.86–2.87%) . 
Strand et al. (2012) also found that compared with the reference temperature (21°C), when 
the ambient temperature rose to 27 °C, the risk of preterm birth increased 1.2-fold in Brisbane, 
Australia. On the other hand, Lee et al. (2007) conducted a time-series analysis of the 
short-term effects of meteorological factors on preterm birth in London, but did not find any 
association between ambient temperatures and preterm births. Only one study (Strand et al., 
2012) was done to investigate the relationship between ambient temperature and stillbirth, 
and it found that increased temperatures in the last four weeks before birth could increase the 
risk of stillbirths at earlier gestational ages (<36 weeks).  
The exact biological mechanisms linking heat stress and preterm births or stillbirths are still 
unknown. However, several animal studies have investigated the effects of high temperatures 
on embryo and fetal development (Asakura, 2004; Beere et al., 2001; Galan et al., 1999; 
Mohorovic, 2004) and propose that heat stress could stimulate the release of maternal 
antidiuretic hormones (ADH) and oxytocins (OT) (Dreiling et al., 1991), trigger the 
maternal-fetal hypothalamic-pituitary-adrenal (HPA) axis (Wang et al., 2001), increase 
HSP70 (Beere & Green, 2001), stimulate the corticotrophin-releasing hormone, and further 
result in preterm birth or stillbirth (Erickson et al., 2001). Regarding the timing of heat 
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exposure during pregnancy, early (Smith et al., 2002), middle (McCrabb et al., 1993), and 
late pregnancy (Hankins et al., 1999) are all reported as particularly sensitive windows for 
preterm birth and stillbirth. However, the reasons why the findings are inconsistent remain 
unknown. 
Several knowledge gaps should be acknowledged, based on studies to date. The findings of 
limited studies on ambient temperatures and adverse birth outcomes are inconsistent (Basu et 
al., 2010; Lee et al., 2007). Only one study examined the effects of heatwave on preterm 
births (Schifano et al., 2013). Therefore, more studies should be undertaken to examine the 
effects of heatwave on adverse birth outcomes. In addition, the lack of studies on the 
biological mechanisms makes it difficult to identify the potential susceptible windows during 
pregnancy. Dividing the whole pregnancy period into smaller stages, for example months or 
gestational weeks (Woodruff et al., 2009) could help researchers to better understand whether 
a potential risk window exists, and which pregnancy period is most susceptible to 
temperature effects. Furthermore, only one study explored the potentially vulnerable 
subgroups of high temperature and preterm birth (Basu et al., 2010), and therefore, effect 
modifications of maternal characteristics on heatwave and adverse birth outcomes should be 
examined.  
1.2 RESEARCH AIMS AND OBJECTIVES  
1.2.1 Aims 
The overall aims of this study were to identify and quantify the effects of heatwave on 
adverse birth outcomes such as preterm birth and stillbirth. 
1.2.2 Research questions 
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To accomplish the overall aims, the following research questions were addressed: 1) Is 
maternal exposure to heatwave associated with adverse birth outcomes? 2) If the association 
exists, to what extent do heatwaves affect fetal growth? 3) Is it an immediate or long-term 
effect? 4) Are there any susceptible windows during pregnancy? 5) To what extent do the 
characteristics of heatwaves, such as duration and intensity, influence birth outcomes? 6) Are 
the associations between heatwave and birth outcomes modified by maternal and fetal 
demographic factors? 
1.2.3 Objectives 
The following specific objectives are formulated to address the above research questions: 
To explore the immediate effects of maternal heatwave exposure during pregnancy on 
preterm birth, after adjustment for confounding factors such as long-term trends, seasonality, 
and air pollutants. 
To examine how the duration and intensity of heatwave can influence birth outcomes, 
through comparing the changes of birth-related effects of heatwave by using different cut-off 
thresholds and durations to define heatwave. 
To investigate the immediate effects of maternal heatwave exposure during pregnancy on 
stillbirths after adjustment for confounding factors. 
To evaluate whether the effects of heatwave exposure on adverse birth outcomes can be 
modified by maternal socioeconomic status and maternal characteristics such as maternal age, 
Indigenous status, and marital status.   
To estimate potential long-term effects of maternal heatwave exposure during pregnancy and 
adverse birth outcomes, after controlling for potential confounders. 
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To identify the potentially most-vulnerable gestational period associated with exposure to 
heatwaves. 
1.3 SIGNIFICANCES OF THIS STUDY  
This is the first study to explore in depth the associations between heatwave exposure during 
pregnancy and adverse birth outcomes. This research will improve the understanding of the 
relationship between heatwave and adverse birth outcomes, which may provide useful 
information for health authorities and pregnant women and protect fetal health.  
In addition, this is also the first study to examine the potential susceptible windows during 
which heatwave exposure is particularly harmful to fetal growth. Findings in this study may 
provide some insight into studies on biological mechanisms of heatwave-related birth effects.  
This study also aims to identify several modifiers such as maternal demographic and 
socioeconomic factors on the association between heatwave and birth outcomes. Findings in 
this study can provide some evidence to optimize the allocation of health resources. 
1.4 STRUCTURE OF THIS THESIS  
This thesis uses a publication style. Three papers (chapters 4–6) have already been written, 
and one has been published while the other two have been submitted for publication.  
Figure 1.1 shows a flow chart of the whole thesis. Although the three papers have their own 
emphasis, they are also linked in this thesis. All three manuscripts use similar statistical 
models, and the results of the first two manuscripts serve to validate each other from the 
perspective of methodology. The references are presented at the end of each chapter to 
facilitate reading. 
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This thesis has seven chapters. 
Chapter 1 introduces the background, aims, and specific objectives of this study, as well as its 
significance; the structure of this thesis is also described in this chapter. 
Chapter 2 reviews the related studies published to date on the issue of ambient temperature 
and adverse birth outcomes, presents the main findings of previous studies, and identifies 
current knowledge gaps in this field. 
Chapter 3 describes the overall study design and methods used in the whole thesis, which 
includes the background of the study area, data collection, data management, and data 
analysis protocols. 
Chapters 4–6 are three manuscripts that focus on the purpose of achieving different research 
objectives. Chapter 4 explores the acute effects of heatwave exposure in the last gestational 
week before delivery on preterm birth. This chapter also compares the risks of preterm births 
associated with heatwave by using a series of heatwave definitions. Chapter 5 estimates the 
short-term effects of heatwave on stillbirth, and also examines the modifying effects of 
maternal characteristics and socioeconomic factors on the risk of stillbirth associated with 
heatwaves. Chapter 6 assesses the relationship between heatwave exposures in different 
periods during the whole pregnancy and two adverse birth outcomes: preterm birth and 
stillbirth. 
Chapter 7 summarises the main findings of this thesis, and discusses the results of chapters 4–
6, the strengths, limitations, and implications of the whole thesis. In addition, the conclusions 
and recommendations are made based on the findings of the whole thesis. 
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Chapter 2 Literature Review 
2.1 INTRODUCTION  
Several studies have explored the associations between meteorological factors and adverse 
birth outcomes such as preterm birth, low birth weight, and stillbirth (Akutagawa et al., 2007; 
Basu et al., 2010). In this study, a comprehensive literature review using Google Scholar and 
the online databases Pubmed, Medline, and Web of Science has been undertaken in order to 
collect the related articles on heatwave, climate change, and birth outcomes. I used keywords 
and MeSH terms including “heatwave”, “climate change”, “adverse birth outcomes”, 
“preterm birth”, “low birth weight”, and “stillbirth”, but few published papers on this topic 
were found. I expanded keywords and MeSH terms to include “temperature”, “ambient 
temperature”, “meteorological factors”, “seasonality”, “air pollution”, and “risk factors” to 
ensure that all relevant published papers were included. In addition to the studies published in 
peer-reviewed journals, some conference papers and scholarly dissertations were also 
included in this literature review. 
This chapter presents the main findings of all related studies to date. The methodological 
issues and the knowledge gaps in this field are identified and several recommendations are 
made for future research. 
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2.2 MAIN FINDINGS  
2.2.1 Heatwaves 
2.2.1.1 The definition of a heatwave 
In recent decades, a variety of studies have been conducted to explore the health effects of 
heatwave (Anderson et al., 2010; Rebetez et al., 2009; Tong et al., 2010a; Tong et al., 2010b; 
van Iersel & Bi, 2009). Researchers have used different definitions of “heatwave” to explore 
the effects of extreme temperatures, or to establish heat warning systems in their 
communities.  
There is no standard heatwave definition. In general, the definitions of heatwave involve two 
core aspects: the temperature exceeding a specific absolute temperature or percentile of the 
temperature distribution, and the prolonged duration of the heat event (Bell et al., 2010).  
Tong et al. (2010b) collected daily data on emergency hospital admissions, deaths, air 
pollution, and meteorological factors to compare health influences of heatwaves by using ten 
different heatwave definitions, and found that even a small change in the definition of 
heatwave could lead to a considerable difference in their risk assessment. Moreover, they 
found that in Brisbane, heatwave definition 5 (when the daily maximum temperature was 
equal to or greater than 37 °C (about the top 0.5% of days) for at least two consecutive days) 
seemed to be superior to other heatwave definitions when examining the impact of heatwave 
on both mortality and emergency hospital admissions. 
A recent study by Anderson & Bell (2010) explored the effects of heat waves on mortality in 
43 US communities by using the daily non-accidental mortality data from 108 US urban 
communities. In this study, they identified heatwave as two or more consecutive days with 
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daily mean temperatures higher than the community’s 95% percentile in the warm seasons, 
and found that, on average, the national mortality increased by 3.74% (95% CI: 2.29–5.22%) 
during heatwave compared with non-heatwave days, and that the mortality risk increased by 
2.49% with every 1°F increase in heatwave intensity and 0.38% for every one-day increase in 
heatwave duration. This study also indicated that when investigating the health effects of 
heatwave, the cut-off temperature and duration used to define heatwave could also affect the 
research results (Anderson & Bell, 2010). 
2.2.1.2 Temperature measures 
In addition to the variation of heatwave definitions, another key challenge is to choose a 
proper temperature proxy. A variety of heat-stress indices (for example, mean temperature, 
maximum temperature, apparent temperature, Heat Index and Humidex) have been used in 
the previous temperature-related studies (Basu et al., 2010; Dadvand et al., 2011; Murry et al., 
2000; Porter et al., 1999). Several studies (Barnett et al., 2010a; Vaneckova et al., 2011) have 
examined this issue that explored the best proxy measure by comparing the effect changes 
using several heat measures. 
Barnett et al. (2010a) used data from the National Morbidity and Mortality Air Pollution 
Study (NMMAPS), which covered 107 U.S. cities and compared the association between 
temperature and mortality using seven temperature measures (mean, minimum, and 
maximum temperature; mean, minimum, and maximum apparent temperature; and the 
Humidex). The authors calculated the predictive ability of each temperature measure by using 
10-fold cross-validation, and then compared the performance of the models by plotting the 
mean cross-validated residuals and 95% confidence interval. Theoretically, the “best 
temperature measure” can be defined as the one with the strongest association with adverse 
outcomes consistently. However, there is no one temperature measure identified to be 
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superior to the others. The authors also recommended that future study should choose the 
proper temperature measure based on practical concerns, for example choosing the measure 
that has the best spatial coverage of the study area, or fewest missing values.  
In summary, in future heat-health studies, careful attention should be given to identifying a 
proper cut-off temperature or percentile and suitable duration to define heatwave events, 
rather than to developing increasingly complicated biometeorological indices. 
2.2.2 Meteorological factors and preterm birth 
2.2.2.1 Seasonality of preterm birth 
Many retrospective studies have explored the seasonality of birth outcomes (Table 2.1). 
However, the seasonal patterns of birth outcomes varied from one area to another area, and 
the results of the studies showed that the peak of preterm births could occur in any season 
(Flouris et al., 2009; Lee et al., 2006; Matsuda et al., 1992; McGrath et al., 2005b). 
Several studies have found that the seasonality of preterm births showed a unimodal 
distribution with only one peak in any certain season per year (Bodnar et al., 2008; 
Cooperstock et al., 1986; Lee et al., 2006). Cooperstock and Wolfe (1986) reported that there 
was a variation in monthly preterm birth rates ranging from a trough in May to a peak in 
September in several areas throughout the U.S. Moreover, by stratifying the related maternal 
information, the authors found that the seasonal trends were present for maternal age groups 
older than 22 years old, for those living in northern states, for married women, for blacks and 
whites, but not for those less than 22 years old, with low socioeconomic status, and 
unmarried. 
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Bodnar and Simhan (2008) analysed data from the Magee Obstetric Medical and Infant 
database of Pittsburgh by using the Fourier series method to explore the seasonality of 
preterm birth and the season of conception. The results indicated that preterm births were 
significantly associated with the season of conception (P <0.01), the average peak prevalence 
occurred among conceptions in early spring (March), and the seasonal pattern retained after 
adjustment for other potential confounding factors.  
In contrast, a London-based cohort study by Lee (2006) found that proportions of preterm 
births varied significantly by month (P <0.001), with the highest proportion (6.83%) 
occurring in January.  
Three studies (Flouris et al., 2009; Keller et al., 1983; Matsuda & Kahyo, 1992) showed that 
the seasonality of preterm birth was more likely to be a bimodal distribution, with two peaks 
in one year. A study in Greece used the birth database that included all the citizens born 
between 1999–2003 to explore the effect of seasonal programming on fetal development 
(Flouris et al., 2009). After controlling for the babies’ gender, the prevalence rates of fetal 
growth restriction and premature birth were statistically lower (P < 0.05) for the infants born 
during the autumn and winter seasons. Keller and Nugent (1983) analysed the fetal records 
from Minnesota for the years 1067–1973, which included over 400, 000 white singleton live 
births and stillbirths of 29 or more weeks completed gestation and found that two peaks of 
preterm birth occured in July and December. Matsuda and Kahyo (1992) used the birth data 
from January 1979 to December 1983 provided by the Statistics and Information Department 
of Japan and found that the proportion of preterm births in Japan had a clear seasonal 
periodicity, with two peaks - one in summer and the other in winter - regardless of parity and 
fetal sex.  
19 
 
In addition to the above studies carried out in developed countries, two studies (Friis & Gomo, 
2004; Rayco-Solon et al., 2005) were conducted in developing countries to investigate the 
seasonality of preterm birth.  
A study in Zimbabwe by Friis and Gomo (2004) found that babies born in the early dry 
season (June–August) had a 2.3-week (95% CI: 1.7–2.8) shorter gestation than those born in 
the late rainy season (March–May), and births in early dry season had a three-fold higher risk 
of preterm delivery compared with those born in the late rainy season.  
Another retrospective cohort study of all live births in three subsistence farming villages of 
the West Kiang District in the Gambia found that from 1976 to 2003, the lowest percentage 
of preterm births occurred in February (5.1%), which was followed by a gradual increase in 
the percentage of preterm infants until the peak in July (Rayco-Solon et al., 2005). 
In these two studies, the authors of the latter study argued that instead of temperature, the 
increased heavy work, especially agricultural work in July and higher prevalence of malaria 
infection in October, were the two main risk factors for the peaks of preterm birth. However, 
the findings of Friis and Gomo (2004) did not support this hypothesis as the peak season 
followed the harvest season and preceded the planting season, and the prevalence of malaria 
was low in the studied population. In addition, the authors also did not find any difference in 
food intake or in the maternal body composition in the two seasons. As a result, temperature 
variation might be the only plausible explanation for the peak of preterm birth in the early dry 
season in that study. 
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Table 2.1 Characteristics of studies on seasonality of preterm birth 
Author& 
published 
Year 
Country or 
area 
Sample size Definition of PTB Confounding factors Method & statistical  
analysis 
Findings 
Cooperstock  
1986 
12 sites of 
USA 
all live singleton 
births in 12 hospitals 
1959-1966 (4,579) 
Gestational age was 
27-35 weeks 
Maternal age,  
ethnicity, parity, 
education, 
Fourier Series A peak in September 
Bodnar 2008 USA Live, singleton births 
from one hospital  
1995-2005 (82,213)  
A delivery occurring 
at 20–36 completed 
weeks of gestation. 
Maternal age, ethnicity, 
parity, education, 
smoking 
Fourier Series A peak among 
conceptions of early 
spring 
Lee 2006 London, UK Singleton live births 
after 24 weeks 
1988-2000 (509,173) 
Birth at less than 37 
weeks of gestation 
 Chi-square A peak in winter 
Flouris 2009 Greece All citizens 
(1999-2003) 
516,874 
Birth at less than 37 
weeks of gestation 
Gender ANOVA Preterm birth rates were 
higher in spring and 
summer  
Keller 1983 USA Singleton births  
1967-1973 (402,540) 
Gestational age was 
29-37 weeks 
  Peaks in summer and 
winter 
Matsuda 
1993 
Japan Live, singleton births 
(1974-1983) 
Birth at less than 37 
weeks of gestation 
Previous birth, gender Time-series analysis Peaks in summer and 
winter 
Rayco-Solon 
2005 
Gambia Live births of 3 
Villages (1976-2003) 
2,472 
Gestational age are 
less than 37 weeks 
Maternal weight, 
malaria infection, 
physical activity 
Fourier Series Preterm birth peaked 
from Jul to Oct 
Friis 2005 Zimbabwe Births in 22 -36 
weeks 
(1996-1997) 
Gestational age was 
22-36weeks 
Maternal BMI, age, 
parity 
Logistic regression Births in dry season 
(Jun-Aug) had shorter 
gestation than  
rainy season 
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2.2.2.2 Meteorological factors and gestation age 
A total of 10 published studies investigated the effect of temperature on the length of 
gestation (Table 2.2). Among them, seven studies found that temperature was negatively 
correlated with gestational age (Basu et al., 2010; Dadvand et al., 2011; Flouris et al., 2009; 
Lajinian et al., 1997; Schifano et al., 2013; Strand et al., 2012; Yackerson et al., 2008). In 
contrast, three studies showed that temperature change could not shorten the gestational age 
or result in preterm birth (Auger et al., 2010; Lee et al., 2007; Porter et al., 1999). 
The first epidemiological study on ambient temperature and preterm birth was conducted in 
Brooklyn, U.S. (Lajinian et al., 1997). The authors collected information on births between 
March 1993 and March 1994 in one municipal hospital in Brooklyn, and used an exact trend 
test to examine the relationship between the heat-humidity index and rates of preterm labour 
and preterm delivery. There was a significant association between the heat-humidity index 
and the preterm labour rate (P <0.002). The rate of preterm labour increased consistently 
from 1.23% to 3.00% as the heat-humidity index rose from 25.0 to 79.5. In that study, the 
authors only selected four seven-day periods during the whole study period, which included 
the coldest and warmest seven days in winter as well as the coolest and hottest seven days in 
summer in Brooklyn. Apart from this, the authors only collected birth data from one hospital, 
and consequently the small sample size (101 preterm labour and preterm deliveries in total) 
weakens their findings. 
Three studies treated ambient temperature as a continuous variable and explored its effects on 
preterm births (Basu et al., 2010; Schifano et al., 2013; Strand et al., 2012). Basu and 
colleagues (Basu et al., 2010) conducted a time-stratified case-crossover analysis in 
California and found that high ambient temperature was significantly associated with preterm 
birth for all mothers, regardless of maternal racial group, maternal age, maternal education, or 
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sex of the infant. In that study, apparent temperature was used as the proxy of ambient 
temperature, and the results indicated that with a 5.6°C increase in weekly average (the 
cumulative average weekly lag) apparent temperature, the incidence of the preterm delivery 
increased by 8.6% (95% CI: 6.0%–11.3%). Furthermore, mean, maximum, and minimum 
apparent temperatures were all significantly associated with preterm births for the lag of up to 
one week. Strand et al. (2012) examined the association between ambient temperature and 
preterm birth in Brisbane, Australia, by using the birth records between 2005 and 2009. The 
authors used Cox proportional hazards models and found that increased temperatures in the 
last four weeks before delivery increased the probability of preterm birth between 28 and 36 
weeks of gestation, and the hazard ratio for preterm birth at 27 °C increased by 1.2-fold 
compared with the reference temperature of 21°C.  
The latest study on the relationship between ambient temperature and preterm birth was 
conducted by Schifano et al. (2013), and the effects of heatwave exposure of the day of birth 
on preterm birth were also examined. The authors collected all spontaneous singleton births 
that occurred in Rome, Italy, in 2001–2010 and fitted a Poisson generalised additive model to 
observe the association between ambient temperature and daily preterm births. After 
controlling for holidays, influenza epidemics, seasonal, and long-term trends, the study found 
that daily preterm births increased by 1.9% (95% CI: 0.86–2.87%) when maximum apparent 
temperature in the two days preceding delivery increased by 1 °C. For heatwave exposure, 
the authors defined heatwave as two or more consecutive days with daily maximum apparent 
temperatures higher than the monthly 90th percentile of temperature distribution, and found 
that after adjusting for particular matter with aerodynamic diameters≤10 µm (PM10), the 
daily number of preterm births during heatwave days increased by 19.21% (95% CI: 7.91–
31.69%) compared with non-heatwave days.  
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Until now, only one study explored the association between maternal exposure to extreme 
heat and the length of gestation (Dadvand et al., 2011). Based on a cohort of 9191 births that 
occurred between 2001 and 2005 in Barcelona, the authors treated gestation age at delivery as 
a continuous response variable and they used a two-stage analysis to estimate the impact of 
extreme heat on the length of gestation. The authors defined extreme heat as the Heat Index 
(HI) on each day exceeding the 90th, 95th, 99th percentiles of heat indices and proved that a 
small reduction (0.2 day) in the average length of gestation occurs when the HI on the day of 
delivery exceeds the 95th percentile (HI95: 30.5°C). Moreover, for deliveries occurring on the 
day following a HI higher than HI99 (32.0°C), the mean gestational ages reduced by 5.3 days 
(95% CI: -10.1–-0.05 days).  
In contrast, several studies found no significant association between ambient temperature and 
preterm birth (Lee et al., 2007; Porter et al., 1999). For example, the time-series analysis of 
short-term effects of meteorological factors on preterm births in London (Lee et al., 2007) 
revealed that though their large dataset included 482,568 births covering 13 years, the risk of 
preterm birth did not increase with exposure to higher temperatures, and even cumulative 
exposure to higher temperatures from 0–6 days before birth also did not show any significant 
effect on preterm birth. Another study in Illinois (Porter et al., 1999) collected all the 
singleton vaginal births in Chicago between June and August 1995 and explored the changes 
of mean gestation age when pregnant women were exposed to different daily maximum 
apparent temperatures. No evidence was found that increasing the maximum apparent 
temperature was associated with shortened gestation length. 
Few studies examined the association between preterm birth and cold weather (Auger et al., 
2010; Schifano et al., 2013), and none of them found a statistically significant relationship 
between cold temperature and preterm birth. Auger et al. (2010) evaluated the incidence of 
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preterm births during a January 1998 ice storm that had led to a provincial emergency in the 
middle of winter in the province of Québec, Canada, and showed that there was a weakly 
higher rate of preterm birth (Odds Ratio (OR): 1.27; 95% CI: 0.83-1.93) during the first two 
months after the ice storm. In addition, another study (Schifano et al., 2013) also indicated 
that they did not observe any significant effects of cold weather when using daily minimum 
temperature as the proxy temperature in the cold season. 
Several studies have examined the effect of ambient barometric pressure on birth outcomes 
(Akutagawa et al., 2007; King et al., 1997; Lee et al., 2007; Noller et al., 1996), but the 
results are inconsistent. Some studies found a relationship between declining barometric 
pressure and premature spontaneous rupture of the fetal membranes or increased onset of 
delivery (Akutagawa et al., 2007; King et al., 1997). On the other hand, one study showed 
that no association was observed between the onset of labour and low mean barometric 
pressure (Noller et al., 1996). Most studies on ambient barometric pressure and birth 
outcomes mentioned above chose onset of delivery of full-term births as the outcome of 
interest (Akutagawa et al., 2007; King et al., 1997; Noller et al., 1996), and compared the 
incidences of onset of delivery that were exposed to different levels of ambient barometric 
pressure. Only one study (Lee et al., 2007) conducted a time-series analysis to explore the 
short-term effects of ambient barometric pressure on preterm birth, but the authors did not 
find any significant relationship between daily mean ambient barometric pressure on the day 
of birth and preterm birth. 
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Table 2.2  Characteristics of studies on meteorological factors and Preterm Birth 
Author& 
published 
Year 
Country or area Sample size Proxy of temperature Confounding factors Method & statistical  
analysis 
Results 
Schifano 
2013 
Rome, Italy All spontaneous 
onset of labour 
between 2001-2010 
in Rome (132,691) 
Maximum apparent 
temperature, 
Heatwave, Minimum 
Temperature on the 
day of delivery 
Maternal age, 
nationality, 
pathologies reported in 
delivery 
Poisson generalized 
additive model, 
Distributed lag 
model (DLM) 
An increase of 1.9% (95%  CI: 
0.86–2.87) in daily preterm births 
per 1 °C increase in maximum 
apparent temperature 
LB.Strand  
2012 
Brisbane, 
Australia 
All births recorded 
between July, 2005 
and June, 2009 
(101,870) 
Mean temperature Maternal age, 
ethnicity, marital 
status, smoking, 
parity, infant sex 
Cox proportional 
hazards regression 
The hazard ratio for preterm 
birth (28-36 gestational weeks) 
at 27°C increased (compared 
with 21°C) 
Dadvand  
2011 
Barcelona, 
Spain 
Singleton 
pregnancies with 
spontaneous onset of 
labour (Jan 2001-Jul 
2005, n=7,585 
Heat-Humidity Index maternal age, ethnicity, 
education, smoking, 
parity, infant sex and 
other factors 
Two-stage analysis 
Dynamic model  
Linear regression 
A small reduction in the 
average gestational age 
occurs when HI over 
HI95 
Basu 
2010 
16 countries in 
California, USA 
Births from 20-36 
gestational weeks 
1999-2006 (58,681) 
Daily mean, 
maximum 
temperature 
apparent temperature 
(AT) 
infant sex, mothers' age, 
education, 
race and residence zip 
code, Air pollutants 
Time-stratified  
Case-crossover 
A 8.6% (95% 
CI:6.0-11.3) increase in 
preterm birth was 
associated with a 
5.6-degree increase in 
weekly average AT 
Flours 
2009 
Greece All citizens 
(1999-2003) 
(516,874) 
Mean temperature 
during month of birth 
Infant sex Chi-square tests Mean temperature was 
negatively correlated with 
gestational age 
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Table 2.2 Characteristics of studies on meteorological factors and Preterm Birth (continued) 
Author& 
Published 
Year 
Country or Area Sample size Proxy of 
meteorological 
factors 
Confounding  factors Method & 
Statistical  
analysis 
Results 
Yackerson 
  2008 
Negev, Israel  
near Sahara and  
Saudi Arabia 
All births in 1999 
(11979) 
Mean daily 
temperature 
Other potential factors 
was not included in the 
model 
Correlation analysis 
Preterm birth was 
correlated with maximum 
temperature 
Lajinian  
2007 Brooklyn, USA 
Patients receiving 
prenatal care at one 
hospital  
Mar 1993-Mar 1994 
Average 
heat-humidity  
index 
Other potential factors 
was not included in the 
model 
An exact trend test The rate of preterm labour increased as the HI rose 
Auger 
2010 Québec, Canada 
Singleton live born 
infants 
1993-2003 
(853383) 
Cold weather 
(exposed to ice 
storm) 
Maternal age 
(<20,20-34,>35) 
education, marital 
status, maternal place, 
previous deliveries 
Case-control 
Logistic Regression 
The associations were  
not statistically 
significant 
Lee  
2008 London, UK 
All births after 24 
weeks 1988-2000 
(492,568) 
Daily mean 
maximum 
temperature, 
barometric pressure 
Other potential factors 
was not included in the 
model 
Time-series analysis 
Little or no increase in  
risk of preterm birth was 
found 
Porter 
1999 
Chicago, 
Illinois, USA 
All singleton vaginal 
births 
Jun-Aug 1995 
(11,792) 
maximum apparent  
temperature 
Maternal race, 
educational status,  
income 
T-test 
Heat waves could not 
shorten the gestational 
length 
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2.2.3 Meteorological factors and birth weight 
2.2.3.1 Seasonality of birth weight 
The importance of seasonality of birth weight has been explored extensively. Over ten studies 
investigated the seasonality of birth weight (Table 2.3). Among them, many studies (Adair et 
al., 1983; Flouris et al., 2009; Rayco-Solon et al., 2005) indicated that infants born during the 
warm season had significantly lower birth weight compared to those born in the cold season. 
For example, a study in Taiwan (Adair & Pollitt, 1983) recruited 225 pregnant women in 
their second or third trimester into the research and found that infants born during the warm 
season had significantly lower weight as assessed by Rohrer’s Index (weight/length3) 
compared to those born in the cold season (t=4.49, P<0.01).  
Several studies found that birth weights of infants born in summer were lower than babies 
born in other seasons (Matsuda et al., 1993; Murry et al., 2000). For example, a large cohort 
study in Northern Ireland (Murry et al., 2000) found a seasonal variation in mean birth weight, 
with infants born in July having a birth weight of 31.6 g (95% CI: 35.2-28.0 g) less than 
babies born in January. 
A bimodal distribution of birth weights was also identified in previous studies. Among them, 
two studies found bimodal peaks in spring and autumn (McGrath et al., 2005a; Torche & 
Corvalan, 2010). McGrath (2005a) examined the within-year fluctuations in birth weight 
across four regions (Southeast Queensland, Sydney, Victoria, and Tasmania) in Australia and 
found two peaks of birth weight in all four studied regions in the spring and autumn seasons. 
The authors also mentioned that compared with the more moderate temperature of the other 
regions, the warm, subtropical climate of southeast Queensland had the greatest influence on 
birth weight. A study in Chile also examined the seasonality of birth weights by using 
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regression models with sinusoidal function (Torche & Corvalan, 2010) and found that birth 
weights had two peaks in October–November (spring) and March (autumn). By stratifying 
the sample according to geographic region and socio-demographic factors, the authors also 
explored the potential determinants and attributed the seasonality of birth weight to 
temperature and sunshine variation in different seasons. 
In addition, decreased birth weights in the autumn season were also found in several studies 
(Hort 1987; van Hanswijck de Jonge et al., 2003). A study in the U.S. (van Hanswijck de 
Jonge et al., 2003) selected 24,325 babies born at full-term gestation between 1961 and 1965 
in 12 American cities and showed that for black infants, the birth weights were lower in the 
other three seasons compared to birth weights in the winter season, and the lowest mean birth 
weight occurred in autumn after adjusting for confounding variables such as study site, sex, 
gestation age, maternal education, age, BMI, and birth order. 
The seasonal pattern of birth weight in certain populations, such as seasonality of birth 
weight among Indigenous people, was explored in Australia by Rousham and Gracey (1998). 
They analysed the birth weights of 4,508 Aboriginal and Torres Strait Islander live births in 
the Kimberley region of Western Australia between 1981–1993 and found that low birth 
weight babies were more common during the wet season (Jan–Jun), and in addition, a 
significant increase in the proportion of very low birth weight (VLBW) babies occurred 
during the wet season compared with the dry season (OR: 2.73; 95% CI: 2.3–3.67). 
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Table 2.3  Characteristics of studies on seasonality of birth weight 
 
Author& 
published year 
Country or 
 area Sample size Confounding factors Statistical analysis Results 
Flouris  
2009 Greece 
All citizens (1999-2003) 
516,874 Gender ANOVA 
Mean birth weights 
were lower in spring 
and summer  
Adair  
1983 Taiwan 
225 women in their second or 
trimester of pregnancy  Age, maternal age ANOVA 
Infants born during 
the warm season had 
significantly lower 
relative weight 
compared to those 
born in cold season 
(t=4.49, P<0.01). 
Rayco-Solon 
2005 Gambia 
Live births of 3 
Villages (1976-2003) 
2,472 
Maternal weight, 
malaria infection, 
physical activity 
Fourier Series SGA peaked from Aug to Dec 
Torche  
2010 Chile 
Live singleton births of 37-41 
weeks (1987-2007) 
5,000,000 
Marital status, education, 
urban address 
Sinusoidal functions 
annual model 
semi-annual model 
The lowest mean 
birth weight occurred 
in summer 
Murry  
2000 Northern Ireland 
Live singleton births  
at full-term gestation 
(1971-1986) 
447,499 
Maternal age, 
previous birth, temperature, 
sunshine, socioeconomic factors 
Linear regression 
 model 
The lowest mean 
birth weight occurred 
in summer 
Rousham 
1998 
Australia 
(the Kimberley 
region) 
Aboriginal & Torres 
strait Islander (1981-1993 
4,508  
Chi-square 
A higher proportion 
of LBW during the 
wet season (Jan-Jun, 
(very hot summer) 
Matsuda 
1993 Japan 
Live singleton births 
(1974-1983) 
16,796,415 
Previous birth, gender Time-series analysis 
The lowest mean 
birth weight occurred 
in summer 
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Table 2.3 Characteristics of studies on seasonality of birth weight (continued) 
  
Author& 
published year 
Country or 
 area Sample size Confounding factors Statistical analysis Results 
Hanswijck 
2003 
USA All subjects born at full-term 
gestation from 12 sites of 
USA (1961-1965) 
24,325 
Gender, ethnicity, 
education, maternal age, 
BMI, previous birth 
ANOVA Babies born in 
autumn had the 
lowest birth weight 
than those born in 
winter and spring 
 Hort 1987 Bangladesh Live singleton births 
(1983-1984) 
1,772 
Maternal age,  
previous birth 
Descriptive analysis Babies born in 
autumn had the 
lowest birth weight  
McGrath 
2005 
Australia 
 
Live singleton births  
at full-term gestation 
(1985-2003) 
No confounding factors Sinusoidal functions 
annual model 
semi-annual model 
Mean birth weights 
were lower in 
summer and winter 
Chodick 
2007 Israel 
Singleton births (1998-2004) 
225,545 
Gender, maternal age,  
maternal diabetes 
Linear regression 
model 
Sinusoidal functions 
The lowest mean 
birth weight occurred 
in winter 
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2.2.3.2 Meteorological factors and birth weight 
Most studies investigating the relationship between temperature and birth weight showed that 
higher temperatures were associated with lower birth weights (Table 2.4) (Deschenes et al., 
2009; Flouris et al., 2009; Lawlor et al., 2005; Matsuda et al., 1998; Wells et al., 2002). For 
example, Matsuda et al. (1998) conducted an ecological study of the relationship between 
mean birth weight and temperature in Japan in 1998. The results of the correlation and path 
analyses showed that there was a significant negative correlation (r=-0.63, P <0.01) between 
mean birth weight and mean temperature in the Japanese population. The study in Greece 
(Flouris et al., 2009) mentioned above also showed that mean air temperature during the 
month of birth negatively correlated with birth weight (P <0.001). 
On the contrary, positive effects of temperature on birth weight were found in two studies 
(Elter et al., 2004; Murry et al., 2000). Murry et al. (2000) collected information on all 
singleton live births after 36 weeks of pregnancy in Northern Ireland between 1971 and 1986 
to explore the extent to which meteorologic factors explained seasonality in birth weight. 
Linear regression models were constructed with birth weight as the dependent variable and 
month of birth as a predictor variable. After adjusting for confounding factors such as year of 
birth, duration of gestation, maternal age, parity, and sex, the study found that in females, an 
increase of 1°C in the mean daily maximum temperature during the second trimester was 
associated with an increase in mean birth weight of 3.5 g. The authors mentioned one 
possible reason to explain this: exposure to low temperatures could raise plasma levels of 
fibrinogen, which might induce vascular constriction, diminish utero-placental blood flow 
and further reduce fetal growth. A similar effect of ambient temperature on birth weight was 
also found by Elter et al. (2004). The authors carried out a retrospective analysis of 3,333 
singleton live births after 36 weeks of pregnancy in Marmara University Hospital of Turkey 
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and observed that women who had their last menstrual periods (LMP) in winter and spring 
were exposed to higher temperatures during their second trimester and delivered infants with 
higher weights.  
Only one study (Tustin et al., 2004) found no significant association between temperature and 
infants’ birth weights during any trimester. Tustin et al. (2004) explored the association of 
infant birth weight with maternal exposure to ambient temperature and sunshine in New 
Zealand. In this study, the authors restricted the sample to full-term infants born between 
1999 and 2002 and found that average birth weight did not differ as a function of ambient 
temperature. In contrast, a significantly higher average birth weight occurred when mothers 
were exposed to peak periods of sunshine during their first trimester of gestation. As the 
potential biological reason, the authors hypothesised that exposure to a greater amount of 
sunshine could increase the level of IGF-1, which in turn increased fetal growth by altering 
placental metabolism during early pregnancy.  
The influence of ambient temperature on birth weight varies dramatically in different 
trimesters. A study in Aberdeen, Scotland, covering six years and 12,150 infants and 
conducted by Lawlor et.al (2005) revealed that a 1 °C increase in mean temperature during 
the first trimester was associated with a 5.4 g (95% CI: 2.9–7.9 g) decrease in birth weight. In 
contrast, for the whole cohort, a 1 °C increase in mean temperature in the third trimester was 
associated with 1.3 g (95% CI: 0.5–2.1 g) increase in birth weight. However, when stratifying 
the data by season, only the average outdoor temperature in the first trimester was associated 
with low birth weight. This study suggested that heat stress during early pregnancy might 
result in poor placental growth and subsequent intrauterine growth retardation. 
Ethnic disparities in the relationship between ambient temperature and birth weight were also 
found in previous studies. A large study of extreme temperatures and birth weight of 
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37 million singleton births in the United States (Deschenes et al., 2009) predicted that at the 
end of this century, an increased ambient temperature due to climate change would reduce 
birth weight and result in low birth weight (LBW) among all ethnic groups. However, the 
reduction of birth weight associated with increased ambient temperature varied in different 
ethnic groups, with a decrease of 0.22% among whites and 0.36% among blacks. 
Furthermore, when mothers were exposed to hot days (days with temperatures higher than 
85 °F) in the second and third trimester, the rates of low birth weight would increase 4.63% 
(whites) and 4.41% (blacks), respectively. 
In addition to the regional or one-city-based studies above, Wells & Cole (2002) analysed the 
data from 140 populations worldwide, and found a significant negative correlation (r = –0.59, 
p < 0.001) between heat index and birth weight. The authors also found that a 1-unit increase 
in heat index was associated with a 2.7% (95% CI: 1.6–3.8%) decrease in birth weight. 
However, the high heterogeneity of the data made it difficult for the authors to take into 
account any confounding factors such as maternal ethnicity, maternal age, and behaviour 
factors, because the information on these factors is unavailable in many developing countries. 
Furthermore, combining the data of developed and developing countries is a matter of 
concern because prior risk factors of LBW are different in these countries.  
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Table 2.4 Characteristics of studies on ambient temperature and birth weight 
 
Author & 
published 
Year 
 
 
Country or area 
 
 
Sample size 
 
 
Proxy of temperature 
 
 
Confounding factors 
Method & 
statistical  
analysis 
 
 
Results 
Matsuda  
1998 
Japan Infants born in 
1982 
Total number is 
unknown 
Mean temperature Nutrition, income, 
medical resources 
infants gender, parity 
A path 
analysis 
Higher temperatures were 
associated with lower birth 
weights 
 
Flours 
2009 
 
Greece 
 
All citizens 
(1999-2003) 
516,874 
Mean temperature during 
month of birth 
Infant sex Chi-square 
tests 
Mean temperature was 
negatively correlated with 
birth weight 
Wells 
2002 
Worldwide WHO global 
database (1992) 
Heat Index Gestation age Linear 
regression 
Model 
1-unit increase in heat index 
were associated with 2.7% 
decreases in birth weight 
Lawlor 
2005 
Aberdeen,  
Scotland 
Live births 
(1950-1956) 
12,150 
Mean temperature for 
the middle ten days 
of each trimester 
Gestation age, maternal 
age, parity, economic  
status 
Linear 
regression 
Model 
1-degree increase in mean   
temperature of the 1st 
trimester could induce 5.4g 
decrease in birth weight 
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Table 2.4   Characteristics of studies on ambient temperature and birth weight (continued) 
 
Author & 
published 
Year 
 
 
Country or 
area 
 
 
Sample size 
 
 
Proxy of temperature 
 
 
Confounding factors 
Method & 
statistical  
analysis 
 
 
Results 
Deschenes 
 
2009 
48 states and 
 Colombia,  
USA 
All singleton births 
1972-1988 
37.1million 
Maximum& minimum  
temperature 
Education,  
marital status, gender 
Linear 
Regression 
Model 
A strong negative relationship 
between birth weight and 
temperature in 3 trimesters 
Murry 
2000 
Northern  
Ireland 
Live singleton births  
at full-term 
gestation  
(1971-1986) 
447,499 
Daily maximum  
temperature 
Maternal age, 
previous birth, 
temperature, sunshine, 
socioeconomic factors 
Linear 
Regression 
 Model 
For female babies, 1-degree 
increase in mean max 
temperature of the 2rd 
trimester can induce 3.5g 
increase in birth weight 
Elter 
2004 
Marmara, 
Turkey 
Singleton births 
after 36 weeks 
1992-2003 (3,333) 
Mean daily temperature  Maternal age, parity,  
infant gender 
Multiple  
regression 
Exposure to higher 
temperature in the second 
trimester could increase 
babies' weight 
Tustin  
2004 
Dunedin,  
New Zealand 
All full-term (≥38 
weeks) infants  
born in 
 1999-2003 (7,039) 
Mean temperature 
Sunshine 
 No confounding factors 
  
ANOVA No effect of temperature 
during any trimester on birth 
weight; the average birth 
weight was significantly 
higher when mothers were 
exposed to peak periods of 
sunshine during the 1st 
trimester 
36 
 
2.2.4 Meteorological factors and stillbirth 
Several studies have investigated the seasonality of stillbirth. Torrey et al. (1993) carried out 
a study of the birth pattern of schizophrenia and stillbirth in New York State and found a 
significant winter-month excess in stillbirth (P <0.05). Eriksson et al. (2000) reported a peak 
of stillbirths during winter and spring (January to May) and a trough during summer and 
autumn (July to November). Both of the studies attributed the seasonality of stillbirth to 
temperature, maternal nutrition status, and infectious agents.  
Based on my review of the literatures, only one study mentioned above (Strand et al., 2012) 
investigated the relationship between exposure to ambient temperature and stillbirth. The 
authors in that study found that increased temperature in the last 4 weeks before birth could 
increase risk of stillbirth at earlier gestational ages (<28 or 28–36 weeks).  
Tam et al. (2008) explored the association between preeclampsia rates and ambient 
temperature and humidity in early pregnancy. The authors used the singleton primiparae 
cases delivered in a teaching hospital between 1995 and 2002 and investigated the association 
between the preeclampsia rates based on the months of conception and the mean monthly 
heat index. A significant association between the seasons of conception and rates of 
preeclampsia (p<0.05) was found. Women who conceived in June had the highest risk of 
developing preeclampsia (OR: 2.8; 95% CI: 1.5–5.2) after adjusting for age. Further, the 
cross-correlation function showed that the monthly incidence of preeclampsia was 
significantly associated with the heat index with a time lag of 2 months (ρ = 0.78; 95% CI: 
0.36–0.93). The authors hypothesised that higher temperature and humidity in early 
pregnancy might have detrimental effects on placental vascular development and spiral artery 
remodeling which might result in preeclampsia. As eclampsia and preeclampsia might cause 
increased maternal and fetal morbidity and mortality in pregnancy (Tam et al., 2008), the 
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study of Tam et al. (2008) shed some light on the effect of meteorological factors on 
stillbirth. 
2.2.5 Other risk factors for adverse birth outcomes 
A variety of factors such as genetic determinants, socio-demographic factors, environmental, 
and behavioural factors can influence adverse birth outcomes. Many studies (Ananth et al., 
2010; Glinianaia et al., 2010; Greenwood et al., 2010; Herring et al., 2010; Nielsen et al., 
2010; Reddy et al., 2010; Signorello et al., 2010; Warland et al., 2008; Willinger et al., 2009; 
Wood et al., 2008; Yatich et al., 2010) have investigated the potential risk factors associated 
with adverse birth outcomes such as preterm birth, stillbirth, and low birth weight, and 
several reviews covered these topics (Flenady et al., 2011; Huang et al., 2008; McClure et al., 
2009). I briefly describe here the potential impacts of these risk factors on birth outcomes. 
2.2.5.1 Ethnicity 
Ethnic disparities of birth outcomes have been investigated broadly in a variety of 
populations in different regions (Ravelli et al., 2010; Villadsen et al., 2009; Willinger et al., 
2009; York et al., 2010). Villadsen et al. (2009) compared the incidences of stillbirth between 
ethnic minority and majority groups in Denmark during 1981–2003, and found that women of 
Turkish (RR: 1.28; 95% CI: 1.07–1.53), Pakistani (RR: 1.62; 95% CI: 1.25–2.09), and 
Somali origin (RR: 2.11; 95 % CI: 1.60–2.77) had higher stillbirth risk than Danish women. 
The ethnic differences could be explained from two perspectives: a biological or genetic basis, 
as well as environmental or socioeconomic heterogeneity (Kaplan et al., 2003; Lee 2009; 
York et al., 2010). By using a large mixed-race sample in Virginia, York et al. (2010) applied 
a biometrical genetic model to detect the genetic and environmental contributions to racial 
differences in preterm birth and indicated that racial differences in preterm birth could largely 
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be attributed to environmental influences. Studies (Kaplan & Bennett, 2003; Villadsen et al., 
2009) also pointed out that racial disparity of health outcomes might reflect the 
environmental heterogeneity and difference in socioeconomic status, as well as differences in 
access to health care systems. 
2.2.5.2 Maternal age 
Maternal age has been identified as one of most important risk factors for adverse birth 
outcomes such as preterm birth, low birth weight (LBW), and stillbirth. Mothers younger 
than 20 years old are more likely to experience adverse birth outcomes. Fraser et al. (1995) 
compared the relative risks of three kinds of birth outcomes, which included preterm birth, 
LBW, and small for gestational age (SGA) in three maternal age groups (13–17 years old, 
18–19 years old, and 20–24 years old) and found that compared with mothers from 20 to 24 
years of age, the teenage mothers had higher risks of preterm birth, LBW, and SGA, and 
mothers younger than 18 years old had the highest risks of preterm birth (RR: 1.9; 95% CI: 
1.8–2.1), LBW (RR: 1.8; 95% CI: 1.6–1.9) and SGA (RR: 1.4; 95% CI: 1.3–1.5), and these 
increased risks remained significant even among married mothers who had age-appropriate 
educational levels and adequate prenatal care. 
A number of studies have reported that advanced maternal age (≥35 years old) was 
associated with increased risk of adverse birth outcomes (Flenady et al., 2011; 
Newburn-Cook et al., 2005). For example, a study in the U.S. examined the potential effects 
of a variety of demographic factors on stillbirth and proved that, compared to women 25–29 
years old, maternal ages ≥35 years old or ≥40 years old were associated with a 1.4-fold 
(95% CI: 1.1–1.8) and 1.6-fold (95% CI: 1.1–2.3) increased antepartum stillbirth risk, 
respectively (Reddy et al., 2010). A systematic review conducted by Huang et al. (2008) also 
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identified that advanced maternal age was significantly associated with stillbirth, and the 
reported relative risks of stillbirth ranged from 1.20 to 4.53 for older versus younger women.  
2.2.5.3 Marital status 
Mothers’ marital status has been reported as a risk factor for preterm birth and low birth 
weight in many studies (Auger et al., 2008; Kirchengast et al., 2007; Shah et al., 2011a; 
Zeitlin et al., 2002). Zeitlin et al. (2002) conducted a case-control study by using data from 16 
European countries to explore the impact of marital status on preterm birth and found that for 
women living in countries where births outside marriage were rare, cohabitation (OR: 1.29; 
95% CI: 1.08–1.55) and single motherhood (OR: 1.61; 95% CI: 1.26–2.07) were significantly 
associated with an elevated risk of preterm birth. A meta-analysis conducted by Shah et al. 
(2011a) also reported that unmarried mothers had increased risks of preterm birth (OR: 1.22; 
95% CI: 1.14–1.31), LBW (OR: 1.46; 95% CI: 1.25–1.71) and SGA (OR: 1.45; 95% CI: 
1.32–1.61) compared to married mothers. 
2.2.5.4 Previous pregnancy  
Studies (Gardosi et al., 2013; Reddy et al., 2010) have identified that parity is a risk factor of 
adverse birth outcomes. A meta-analysis conducted by Kozuki et al. (2013) indicated that 
multiparity had a higher risk of preterm birth (pooled adjusted OR: 1.52; 95% CI: 1.40–1.66), 
SGA (pooled adjusted OR: 1.80; 95% CI: 1.62–2.01) and neonatal mortality (pooled adjusted 
OR: 2.07; 95% CI: 1.69–2.54).  
In addition, the outcomes of previous pregnancy can also influence the subsequent pregnancy.  
A large population-based study conducted (Bhattacharya et al., 2010) in the Grampian region 
of Scotland found that the odds of recurrence of stillbirth in the second pregnancy was 1.94 
(95% CI: 1.29–2.92) times that of women who had a live birth in the first pregnancy after 
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adjustment for potential confounders (pre-eclampsia, abruption, preterm delivery, and low 
birth weight). Melve et al. (2010) investigated the stillbirth recurrence in sibships in a 
population-based cohort study in Norway and found that compared with women with a first 
live birth, women with a first stillbirth had 3 to 7 times increased odds of a second stillbirth.  
The sex of prior children also influences the subsequent birth outcomes. Nielsen et al. (2010) 
used all records of Danish women who delivered their first child (singleton) between 1980 
and 1998 and who had subsequent singleton births through 2004 to assess the risk of stillbirth 
conditional on sex of prior children. The study found that the risk of stillbirth increased by 12% 
after delivery of boys compared with girls. Mortensen et al. (2011) found similar findings. 
2.2.5.5 Socioeconomic status and maternal behaviours 
Socioeconomic disparities in birth outcomes such as preterm birth and stillbirth are observed 
consistently. Goy et al. (2008) explored the relationship between low socioeconomic status 
and risk of stillbirth and found that after adjusted for maternal age and health-risk behaviours 
such as smoking and inactivity, the odds ratio (OR) for household income associated with 
stillbirth is 2.56 (95% CI: 1.10–5.98). Petersen et al. (2009) chose educational attainment as 
the proxy of maternal socioeconomic status and examined the risks of preterm birth in 
Denmark, Finland, Norway, and Sweden, and indicated that mothers with less than 10 years 
of education have significantly higher risks of preterm birth in all four countries compared 
with mothers with more than 12 years of education.   
The associations between cigarette smoking and preterm birth, low birth weight, and maternal 
mortality have been confirmed in many previous studies (Delpisheh et al., 2006a; Gray et al., 
2009; Reddy et al., 2010; Wisborg et al., 2001). A hospital-based retrospective study 
conducted in Liverpool, U.K. (Delpisheh et al., 2006a) found that adolescents who smoke 
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more than 10 cigarettes daily have a shorter gestational age by four days compared with 
non-smokers, and that the prevalence of low birth weight is 12.1% and 6.3% in smoking and 
non-smoking adolescents, respectively. 
Studies also found socioeconomic status is highly related to maternal smoking (Delpisheh et 
al., 2006b; Goy et al., 2008; Mohsin et al., 2005). A large population-based study which 
included 426,344 pregnant women in New South Wales, Australia (Mohsin & Bauman, 2005) 
explored the socio-demographic characteristics of pregnant women who continued smoking 
during their pregnancy and found that women who had a lower socioeconomic status are 
more likely to smoke during pregnancy. 
2.2.5.6 Fetal gender  
Male sex has been proven to be one of independent risk factors for adverse birth outcomes 
(Engel et al., 2008; Smith 2000; Vatten et al., 2004). Engel et al. (2008) conducted a 
retrospective study in Australia and found that compared with a female baby, the risk of 
stillbirth increased by 48% (OR: 1.48; 95% CI: 1.01–2.07) with the male sex. 
2.2.5.7 Air pollution 
The effects of air pollutants on birth outcomes have attracted increasing research attention. In 
recent years, many studies have been conducted to investigate the association between air 
pollution and adverse birth outcomes (Faiz et al., 2012; Glinianaia et al., 2004; Hansen et al., 
2006; Hwang et al., 2011; Leem et al., 2006; Ritz et al., 2008; Rogers et al., 2006). In 2011, 
Shah and Balkhair (2011b) systematically reviewed a total of 41 published studies on air 
pollution and adverse birth outcomes including preterm birth, low birth weight (LBW), and 
small for gestational age (SGA), and identified effects of individual air pollutants on birth 
outcomes: exposure to sulphur dioxide (SO2)was associated with PTB, exposure to particular 
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matter with aerodynamic diameters≤2.5 μm (PM2.5) was associated with preterm birth, LBW, 
and SGA births, and exposure to PM10 was associated with SGA births. The evidence for 
associations between the other pollutants (nitrogen monoxide (NO), nitrogen dioxide (NO2), 
Ozone, and carbon monoxide (CO)) and birth outcomes was inconclusive. 
Until now, only two studies have explored the relationship between air pollutants and 
stillbirth. Faiz el al. (2012) examined the associations between maternal air pollution 
exposure and stillbirth. Using birth records data in New Jersey between 1999 and 2004, the 
authors used generalised estimating equation models to estimate the risk of stillbirth 
associated with air pollutants in different trimesters and throughout the entire pregnancy. In 
that study, significantly increased risks of stillbirth were found when NO2 exposure increased 
10 ppb during the first trimester, SO2 exposure increased 3 ppb in the second and third 
trimesters, and CO increased 0.4 ppm in the second and third trimesters. In addition, by using 
the same birth records data in New Jersey, Faiz et al. (2013) also explored the acute effects of 
air pollution on stillbirth using a time-stratified case-crossover design and conditional logistic 
regression model. The authors also found an increased risk of stillbirth associated with 
short-term increases in mean concentrations of NO2, SO2, CO, and PM2.5 in the several days 
prior to delivery. 
2.3 DISCUSSION  
2.3.1 Summary of research to date 
This review assessed epidemiological studies to the present on seasonality of birth, ambient 
temperature, and adverse birth outcomes in different regions worldwide, and most of them 
have shown that meteorological factors such as ambient temperature and barometric 
pressures were associated with adverse birth outcomes. However, the findings in different 
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studies are inconsistent. For example, seasonality of birth outcomes varied from one area to 
another, and the peak of preterm births could occur in any season (Flouris et al., 2009; Lee et 
al., 2006; Matsuda & Kahyo, 1992; McGrath et al., 2005b).  
For the relationship between ambient temperature and preterm birth, most studies showed 
that an increase of ambient temperature was associated with higher risk of preterm birth 
(Basu et al., 2010; Dadvand et al., 2011; Flouris et al., 2009; Lajinian et al., 1997; Schifano et 
al., 2013; Strand et al., 2012; Yackerson et al., 2008), but several other studies did not find 
any statistically significant associations between ambient temperature and preterm birth 
(Auger et al., 2010; Lee et al., 2007; Porter et al., 1999).  
For the association between ambient temperature and birth weight, most studies reported that 
ambient temperature was negatively associated with birth weight (Deschenes et al., 2009; 
Flouris et al., 2009; Lawlor et al., 2005; Matsuda et al., 1998; Murry et al., 2000; Wells & 
Cole, 2002), but one study found that exposure to higher temperature could increase birth 
weight (Elter et al., 2004). However, another study found that there was no effect of 
temperature on birth weight (Tustin et al., 2004). 
2.3.2 Comparisons of results  
The results from previous studies have similarities and differences, and the following major 
aspects should be taken into consideration when comparing the results. 
2.3.2.1 Study locations and population 
Among the 17 studies on ambient temperature and adverse birth outcomes, one was a 
worldwide study (Wells & Cole, 2002), six were conducted in Europe (Dadvand et al., 2011; 
Flouris et al., 2009; Lawlor et al., 2005; Lee et al., 2007; Murry et al., 2000; Schifano et al., 
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2013), five were in North America (Auger et al., 2010; Basu et al., 2010; Deschenes et al., 
2009; Lajinian et al., 1997; Porter et al., 1999), two were in Australia and New Zealand 
(Strand et al., 2012; Tustin et al., 2004), two were in East Asia (Elter et al., 2004; Yackerson 
et al., 2008) and one was conducted in Japan (Matsuda et al., 1998). The disparities in 
prevalence of birth outcomes, climate patterns, and geographic variations, as well as the 
adaptation discrepancies of population in different countries and areas should be recognised.  
The rates of preterm birth, low birth weight, and stillbirth varied dramatically in different 
countries. For example, the incidences of preterm birth in the above studies ranged from 5.5% 
in Rome, Italy (Schifano et al., 2013) to 8.3% in Negev, Israel (Yackerson et al., 2008). Beck 
et al. (2010) analysed global preterm birth rates in 2005, and indicated that approximately 85% 
of preterm births worldwide occurred in Africa and Asia, while the highest rates of preterm 
birth occurred in Africa (11.9%; 95% CI: 11.1–12.6%) and North America (10.6%; 95% CI: 
10.5–10.6%). The rates in Europe and Oceania were 6.2% (95% CI: 5.8–6.7) and 6.4% (95% 
CI: 6.3–6.6) respectively. The variation in stillbirth rates among different countries is also 
substantial. In high-income countries, the third-trimester stillbirth rate was only 3.1 per 1000 
total births in 2008, but in Southeast Asia and Oceania, the estimated rate was 14.2 per 1000 
total births and in Sub-Saharan Africa, the rate was 29.0 per 1000 total births (Lawn et al., 
2011).  
The climate patterns among countries and areas are also different due to their own geographic 
characteristics. For example, some European countries such as Greece (Flouris et al., 2009), 
Spain (Dadvand et al., 2011) and Italy (Schifano et al., 2013) have a Mediterranean climate 
with hot and dry summers and mild winters; The climate in the U.K. (Lawlor et al., 2005; Lee 
et al., 2007; Murry et al., 2000) is oceanic climate with moderate temperatures and seasonal 
variation; and Japan has cool temperatures in the north and a tropical climate in south 
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(Matsuda et al., 1998). Two studies were conducted in Southern Hemisphere: one in Brisbane, 
which is a typical sub-tropical city in Australia (Strand, et al., 2012), and another one in 
Dunedin, New Zealand, which has a temperate but rainy climate (Tustin, et al., 2004).  
Furthermore, population disparities in different regions, which include different adaptive 
capacity to high ambient temperatures (Smoyer-Tomic, et al., 2003), socioeconomic diversity, 
and culture differences (Hansen, et al., 2013) could also influence the comparison of results. 
2.3.2.2 Sample size and study period  
The sample sizes ranged from 3,333 (Elter et al., 2004) to 37.1 million (Deschenes et al., 
2009) because some studies collected data from only one local hospital (Elter et al., 2004; 
Lajinian et al., 1997; Tustin et al., 2004). Most studies used one-city or regional data (Auger 
et al., 2010; Basu et al., 2010; Dadvand et al., 2011; Lawlor et al., 2005; Lee et al., 2007; 
Murry et al., 2000; Porter et al., 1999; Siniarska et al., 2010; Strand et al., 2012). Some 
authors also conducted their investigations based on national (Deschenes et al., 2009; Flouris 
et al., 2009; Matsuda et al., 1998; Torche & Corvalan, 2010) or worldwide birth data (Wells 
& Cole, 2002). 
The study periods varied in the reviewed studies. The earliest study period was between 1950 
and 1956 when Lawlor et al. (2005) collected perinatal data from a birth cohort in Aberdeen, 
Scotland, in that period, and investigated the relationship between ambient temperature and 
birth weight. Most studies used birth data over 5–12 years (Lee et al., 2007; Strand et al., 
2012), but five other studies only used one-year data (Lajinian et al., 1997). For example, 
Lajinian et al. (1997) only obtained 28-day births that occurred in a municipal hospital in 
Brooklyn in one year, and as the total number of preterm labour included in the study were 
only 75, the authors should be cautious about the reliability of their findings. 
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2.3.2.3 Measurement of birth outcomes 
Among studies on ambient temperature and gestational age, different methods were used to 
estimate gestational age across different studies. There are two methods used commonly in 
clinic, which are based on the last menstrual period (LMP) or ultrasound scanning to estimate 
conception date. In some studies, gestational age was calculated from the ultrasound 
examinations (Auger et al., 2010); on the other hand, most studies estimated gestational age 
based on the date of the LMP reported by mothers (Dadvand et al., 2011; Lee et al., 2007; 
Porter et al., 1999; Schifano et al., 2013); in addition, some other studies obtained the length 
of gestation from birth records directly (Basu et al., 2010; Strand et al., 2012). Savitz et al. 
(2002) compared the two methods in one study and found that the latter could result in 
random error and systematic tendency to overestimate the length of gestation. 
Due to the discrepancies of birth registration in different countries, there is significant 
inconsistency of the starting gestational age of birth records; as a consequence it is difficult to 
compare the incidences of adverse birth outcomes and estimates retrieved from different 
studies. For example, in the U.S. studies (Basu et al., 2010; Lajinian et al., 1997), preterm 
birth generally was defined as the births between 20 and 36 gestational weeks, but the study 
in Australia included births from 19 gestational weeks (Strand et al., 2012). On the other hand, 
the study in the U.K. excluded births before 24 weeks gestational age (Lee et al., 2007). 
Some studies on ambient temperature and birth weight (Siniarska & Koziel, 2010; Torche & 
Corvalan, 2010) only included singleton living births after 36 weeks gestational age; other 
studies did not take gestational age into account (Deschenes et al., 2009; Flouris et al., 2009; 
Lawlor et al., 2005; Wells & Cole, 2002).  
2.3.2.4 Proxy of ambient temperature and exposure timing 
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The proxy of ambient temperature or definitions of extreme heat event were different in the 
previous studies. In addition, different studies chose different timings of maternal exposure to 
ambient temperatures during the 10-month pregnancy. Lajinian et al. (1997) created a 
heat-humidity index (HHI) based on dry bulb temperature and relative humidity and 
calculated the average HHI and the rates of preterm labour for four seven-day periods. 
Schifano et al. (2013), Basu et al. (2010) and Porter et al. (1999) chose Apparent 
Temperature (AT) as the proxy of heat stress. Flouris et al. (2009) and Strand et al. (2012) 
used mean ambient temperature as the proxy of temperature in their studies. For the exposure 
timing, Flouris et al. (2009) chose the month of birth, but Strand et al. (2012) examined the 
association between preterm birth and maternal exposure to high temperature in four weeks 
as well as in the last week before birth. Some studies also used several proxies in one study. 
For example, Yackerson et al. (2008) calculated daily maximum, minimum, and daily 
differences of temperature on the day of birth in their studies. 
When exploring the association between ambient temperature and birth weight, most of the 
studies (Deschenes et al., 2009; Elter et al., 2004; Lawlor et al., 2005; Murry et al., 2000; 
Siniarska & Koziel 2010; Tustin et al., 2004) took the fetal development during pregnancy 
into account and divided the whole pregnancy into the 1st, 2nd, and 3rd trimester, and 
examined the birth-related effects of maternal exposure to ambient temperature in each 
trimester.  
2.3.2.5 Confounders and bias 
Most previous studies (Auger et al., 2010; Lajinian et al., 1997; Tustin et al., 2004; Wells & 
Cole, 2002; Yackerson et al., 2008) ignored some important confounders such as humidity, 
air pollution, and some key maternal demographic factors (e.g. maternal age, ethnicity, and 
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marital status). Some studies (Tustin et al., 2004) did not adjust for any potential confounding 
factors.  
In the studies exploring the effects of temperature on preterm birth, only two studies 
(Dadvand et al., 2011; Porter et al., 1999) mentioned the difference of spontaneous preterm 
birth and indicated birth, and excluded the indicated births from the sample population. 
Therefore, misclassification bias of preterm birth might have occurred in most previous 
studies, most of which may have overestimated the effects of ambient temperature as most of 
these studies included all preterm birth into their study.  
In the studies evaluating the effects of temperature on birth weight, uncertainty occurred in 
most studies as those studies did not take gestational age into account (Deschenes et al., 2009; 
Flouris et al., 2009; Lawlor et al., 2005; Wells & Cole, 2002). It is generally recognised that 
the birth weight of a baby is predominantly determined by the fetal growth as well as the 
length of gestation; therefore, any factors that influence either of these two major 
determinants can alter birth weight. 
2.3.2.6 Study design 
Different study designs have been used in reviewed studies. The majority of previous studies 
used retrospective cohort study, while only two studies used the ecological study to explore 
the relationship between temperature and birth weight as no individual data on the subjects 
was obtained (Matsuda et al., 1998; Wells & Cole, 2002). With the improvement of health 
services, the birth records in most countries are becoming more and more complete; by 
collecting the birth records from hospitals or other governmental health departments, 
researchers can obtain detailed individual data relatively easily, and this advance in birth 
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registration makes the retrospective cohort study design more widely used (Basu et al., 2010; 
Dadvand et al., 2011; Lawlor et al., 2005; Lee et al., 2007).  
One of the important advantages of ecological study design is that because researchers collect 
data at the level of whole population, no selection bias or recall bias has occurred in this type 
of study design, and it is more practical when there is no sufficient individual data or birth 
registration system such as in certain developing countries. Compared with ecological studies, 
a retrospective cohort study has some advantages. First, researchers can obtain individual 
information on variables of interest as well as on other risk factors of the outcomes of interest 
through secondary data in retrospective studies; second, a single study can investigate various 
outcomes (Mann, 2003). However, one of the key disadvantages of the retrospective cohort 
study design also arises from secondary data. As researchers cannot control the data 
collection procedure, the existing data may be incomplete, and lack several key confounders, 
or have recall bias (Song & Chuang, 2010). 
2.3.2.7 Statistical methods 
In exploring the seasonality of preterm birth, Fourier-series transformation is a key approach 
for modelling seasonality. The theory and practical uses of Fourier series in studying 
seasonality of birth have been well documented (Barnett & Dobson, 2010b; Bodnar & 
Simhan, 2008; Stolwijk et al., 1999). Fourier series use the cosine and sine functions as their 
repeated rise-and-fall pattern, which makes them ideal for modelling seasonality (Barnett & 
Dobson, 2010b). In addition, another advantage of the sinusoidal function is that it is a 
parsimonious equation, with only three parameters: amplitude, frequency, and phase. 
Among the published studies investigating the association between ambient temperature and 
preterm birth or low birth weight, four studies used the basic statistical methods, such as 
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chi-square (Flouris et al., 2009), t test (Porter et al., 1999), ANOVA (Tustin et al., 2004), and 
trend test (Lajinian et al., 1997) to find whether there is a significant correlation between 
temperature and adverse birth outcomes. A study conducted by Lee et al. (2007) in London 
applied a time-series analysis without controlling for other maternal socio-demographic, 
biological, and behavioural risk factors.  
Four recent studies (Basu et al., 2010; Dadvand et al., 2011; Schifano et al., 2013; Strand et 
al., 2012) examined the exposure-response relationships between ambient temperature and 
preterm birth, or shortened gestation age. In these studies, Basu et al. (2010) used a 
time-stratified case-crossover study, Dadvand et al. (2011) used a linear regression model, 
Schifano et al. (2013) used time-series analysis and a distributed linear regression model, and 
Strand et al. (2012) used the Cox proportional hazards regression model.  
Advantages and disadvantages of the four common methods (logistic regression, 
case-crossover, time-series analysis and survival analysis) used in exploring the effects of 
temperature on adverse birth outcomes should be acknowledged. Among them, logistic 
regression treats the birth outcome of interest as a binary variable, and then defines 
short-term exposure prior to delivery. This model is the most frequently used model when 
investigating the effects of air pollution or ambient temperature on adverse birth outcomes. 
However, this method can lead to bias and underestimation of the effects of temperature: for 
example, acute exposure is often defined as one week before delivery in a study. If a full-term 
(39 weeks) baby’s mother experiences heatwave at week 38, this case will contribute to a 
protective effect of heatwave, even though it is already not at risk of being preterm at week 
38 (Chang et al., 2012) .   
Case-crossover studies use each person to serve as their own control so that known and 
unknown time-invariant confounders, such as body mass index and smoking behaviour, as 
51 
 
well as time-varying confounders such as seasonal variation and even long-term trends, are 
inherently adjusted (Basu et al., 2010). However, a proper selection of reference days is 
essential, especially for taking into account the time-varying confounders such as air 
pollution and temperature exposures (Janes et al., 2005; Lepeule et al., 2006). 
Compared with a case-crossover study design, time-series analyses use the expected total 
number of events on one day as a function of exposure and other potential confounders. 
However, if there is a high multi-collinearity among variables, lack of convergence in the 
generalised additive model (GAM) algorithm can lead to unstable estimates of risk and 
understatement of the variance of risk estimates (Fung et al., 2003).  
Strand et al. (2010) used survival analysis and the competing risks to investigate the 
short-term effects of temperature on preterm birth and stillbirth. The results showed that there 
was an acute effect of temperature on gestational age and stillbirth. This is the first study 
using survival analysis to explore the birth-related effects of temperature. However, studies 
(Chang et al., 2012; Son et al., 2010) on the relationship between air pollution and preterm 
birth or infant mortality by using Cox proportional hazards regression model have been 
conducted. Some studies believed that this analysis combined the advantages of cohort and 
time-series studies, as this model allows for simultaneous examination of the impact of both 
subject-specific (e.g. individual behavior risk factors) and time-related factors (e.g. air 
pollution, humidity, and other meteorological factors). Furthermore, the power of the survival 
analysis is increased compared with the case-crossover approach because all of the subjects 
are studied (Chang et al., 2012; Fung et al., 2003; Lepeule et al., 2006; Son et al., 2010). 
2.3.2.8 Assessment of the most vulnerable period 
Another key methodological issue in this area is to identify whether there is any potentially 
most-susceptible stage of exposure during the 10-month period of pregnancy. Until now, the 
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results of previous studies are inconsistent about this issue. Some studies believed that the 
second and third trimesters were the most vulnerable periods in which temperature could 
strongly influence birth outcomes of pregnant women because fetal development in these 
periods are faster than the first trimester (Deschenes et al., 2009; Murry et al., 2000). On the 
other hand, one study (Lawlor et al., 2005) found that a fetus in the first trimester was most 
vulnerable to ambient temperature increment. However, Strand et al. (2012) found that 
maternal higher temperature exposure in the last four gestational weeks might increase the 
risk of preterm birth and stillbirth.  
Given that no research has been done on humans to explore the biologic mechanisms of 
temperature on birth outcomes, dividing the whole pregnancy period into smaller stages such 
as months or gestational weeks could help better understand whether a potential critical 
window exists, and which period is most susceptible to temperature effects.   
2.3.3 Knowledge gaps and recommendations for future research 
According to the literature review described above, there are only a few studies that focus on 
the influences of weather extremes (e.g. heatwave or cold spell) on birth outcomes (Auger et 
al., 2010; Basu et al., 2010; Schifano et al., 2013), and further studies should be undertaken to 
examine the effects of extreme temperatures such as heatwave on adverse birth outcomes 
including preterm birth and stillbirth. 
As discussed above, in the future studies of the effects of temperature extremes (e.g. 
heatwave) on adverse birth outcomes, more attention should be paid to the following aspects: 
● How is heatwave defined?   
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Given that the cut-off temperature and duration used to define heatwave events could 
significantly affect the research results (Anderson & Bell, 2010b; Tong et al., 2010b), in 
future studies investigating the health-related effects of heatwaves, choosing a proper cut-off 
value and duration for heatwave is a primary task to ensure better understanding of the effects 
of heatwaves. 
 
● How to minimise misclassification bias? 
As mentioned above, for a specific birth outcome of interest, identifying an appropriate target 
population is an important step. When exploring the effects of heatwave on preterm birth, 
induced and caesarean births should be excluded from the study; meanwhile, because of the 
high correlation between gestational ages and infants’ birth weights, in order to minimise 
misclassification bias, choosing proper indicators of fetal growth like birth weight centile for 
gestational age might be more reasonable when evaluating the influence of heatwave on birth 
weight.  
● Are there any potentially critical windows? 
One of the main challenges is exploring whether there are any particular windows of 
susceptibility during the whole pregnancy period when high temperature or heatwave 
exposure is extremely harmful to fetal development. Some studies to date have focused on 
evaluating exposure of ambient temperature by trimesters. However, it might be inaccurate to 
identify the potential periods of susceptibility by using exposure in different trimesters as 
there are at least three months in one trimester. 
In future studies, dividing the whole pregnant period into smaller stages such as gestational 
months or weeks could help us to understand whether there is a potential risk window and if 
so, in which period it occurs.   
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● How to adjust for confounding effects? 
In future studies, efforts should be made to obtain information on all major confounders such 
as maternal demographic and behavioural factors in the stage of data collection and take into 
account the influences of confounders carefully when analysing data. 
● Why are the methodological comparisons required? 
Because only a few studies have focused on the birth effects of ambient temperature, it is 
difficult to get a consensus on the best study design and the most appropriate statistical 
method. More studies are needed to explore key methodological issues in this area. For 
example, it is urgently required to compare different study designs and suitability of different 
statistical methods. Then, an appropriated approach for assessing the birth effects of heat 
stress can be formulated.  
● What are the possible biological mechanisms? 
Few studies have examined the possible mechanisms about the effects of heat stress on 
adverse birth outcomes and they have only explained the effects of temperature by using the 
basic thermal equilibrium theory. More research on biological mechanisms is needed to 
explore how and to what extent heat stress influences adverse birth outcomes. 
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Chapter 3 Study Design and Methods 
This chapter elaborates on the overall study design and methods used in the whole thesis. It 
includes detailed explanation of the study area, the study population, data collection, data 
management, and statistical analysis.  
3.1 STUDY DESIGN 
A retrospective cohort study design was used in this thesis to estimate the impacts of 
heatwave on adverse birth outcomes in Brisbane between 2000 and 2010. Survival analysis 
adjusting for the related confounding factors was applied, for example, maternal 
socio-demographic characteristics and ambient air pollutants.  
3.2 STUDY AREA AND STUDY POPULATION 
This study was conducted in Brisbane statistical division (SD) area (Figure 3.1). Brisbane is 
the capital city of Queensland, which is situated on the east coast of Australia, and which has 
an area of 1326.8 km2. Brisbane’s longitude and latitude are 153°08´E and 27°29´S, 
respectively. The estimated resident population in Brisbane statistical division (SD) was 
2,083,315 in 2011 (Queensland Goverment, 2012). It has a subtropical climate with average 
temperatures of 24.8 degrees Celsius in summer (December–February), 21.1 degrees in 
autumn (March–May), 15.6 degrees in winter (June–August) and 20.8 degrees in spring 
(September–November). 
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Figure 3.1 Statistical division (SD) area of Brisbane, Australia (Australia Bureau of 
statistics, 2011) 
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 3.3 DATA COLLECTION 
In this study, all singleton birth records between 2000–2010, and meteorological and air 
pollution data between 1999–2010 in Brisbane Statistical Division (SD) area, including 11 
Statistical Sub Division (SSD), were collected from the relevant government departments. I 
collected the relevant environmental data from 1999 to cover the whole pregnancy of all 
births, because the earliest conception date of mothers in this birth cohort was 23 February 
1999.  
3.3.1 Birth data  
The main adverse birth outcomes of interest in my study are preterm birth and stillbirth. The 
incidences of preterm birth and stillbirth in Queensland in 2008 were 7.8% and 0.63% of the 
total births respectively (Queensland Health, 2008). 
According to the World Health Organization (WHO), preterm birth is defined as baby born at 
less than 37 completed weeks of gestation (WHO, 2007). Stillbirth is a fetal death prior to the 
complete expulsion or extraction from the mother of a product of conception of 20 or more 
completed weeks of gestation, or of 400 grams or more birth weight according to Queensland 
Health Statistics Centre (Queensland Health Statistics Centre, 2010). 
3.3.1.1 The scope of the birth data 
Data of all singleton births between 1 January 2000 and 31 December 2010 in Brisbane SD 
were collected from the Data Collections Unit (DCU) of Queensland Health Statistics Centre.  
The Queensland Perinatal Data Collection (PDC), which collects antenatal, intrapartum, and 
postpartum data of every baby born in Queensland, commenced in November 1986. As the 
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MR63D forms changed frequently before 2000 (form changes occurred in 1990, 1991, 1994, 
1998, and 1999), I collected the birth cohort data between 2000 and 2010.  
The scope of the PDC includes all live births regardless of gestational age, and stillbirths after 
19 gestational weeks and/or at least 400 grams in weight (Queensland Health Statistics 
Centre, 2010). According to the requirements of Queensland Health, all public and private 
hospitals, medical practitioners, and private midwives who deliver babies outside hospitals in 
Queensland are required to complete the Perinatal Data Collection Form (MR63D) in 
electronic or paper format within 35 days of a birth. The dataset includes detailed information 
on the basic demographic factors of mothers, factors related to pregnancy, babies’ 
information such as gender, as well as birth status. Given ethical and legal restrictions, all the 
information collected by PDC is strictly confidential.  
Mothers’ details obtained in this study are as follows: residence postcode, age group, 
Indigenous status, marital status, previous pregnancy (yes/no), number of previous 
pregnancies, date of last menstrual period (LMP), number of antenatal visits, medical 
conditions, parity, onset of labour, gestational age, method of baby delivery, and reason for 
induction or caesarean.  
In addition, babies details obtained in this study include date of birth, birth weight, gender, 
birth status (born alive, stillbirth), onset of labour (spontaneous, induced, or caesarean) and 
method of delivery. Data on onset of labour, reason for induction, and caesarean was used to 
distinguish spontaneous and indicated birth.  
Only spontaneous births were included in this study to investigate the association between 
heatwave exposure and preterm birth, because induced birth and caesarean birth are more 
75 
 
likely to be the consequence of maternal election or medical needs (Ananth et al., 2006; 
Goldenberg et al., 2008). 
Table 3.1 shows a snapshot of the basic format of birth records retrieved from Queensland 
Health. It contains information on a range of variables.  
3.3.1.2 Reliability of the birth data 
As the birth data I used in this study is secondary data, the quality of the data largely depends 
on the data providers. However, to ensure its reliability, the Health Statistics Centre of 
Queensland Health provides a detailed instruction manual for data providers to complete the 
MR63D form (Queensland Health Statistics Centre, 2010). Besides this, a series of validation 
checks for valid values, logical consistency, missing values, and incomplete reporting are 
carried out when receiving the data and any potential errors and ambiguous inputs are 
verified with hospital contacts, midwifery, or practitioners who complete the MR63D form 
(Queensland Health, 2012). 
3.3.1.3 Uncertainty of the birth data 
As mentioned above, the PDC system collects birth information from all public hospitals, 
private hospitals, private midwives, and independent practitioners, which covers all births 
occurring in Queensland. As a consequence, this data system may record some births where 
the mother’s usual residence is not in Queensland; conversely, for some mothers who usually 
lived in Queensland, but delivered babies outside Queensland, the PDC system could not 
capture their birth information. Besides, most homebirths may not be reported (Queensland 
Health, 2012). 
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Table 3.1 Basic format of the birth records dataset collected from Queensland Health 
ID 
Post 
code 
Age 
group 
Indigenous  
status Marital status LMP Parity Date of birth 
Baby 
weight Gender 
Gestatio
n 
weeks 
Born 
status 
Onset of 
 labour 
1 4007 35-39 Non-indigenous 
Married/De 
Facto 4-Jun-99 2 10MAR2000 3215 M 38 Live Induced 
2 4007 35-39 Non-indigenous 
Married/De 
Facto 10-Jun-99 2 16MAR2000 3909 M 40 Live Spontaneous 
3 4007 35-39 Non-indigenous 
Married/De 
Facto 12-Jun-99 2 17MAR2000 3650 F 40 Live Spontaneous 
4 4007 30-34 Non-indigenous 
Married/De 
Facto 10-Jul-99 2 01APR2000 3830 M 37 Live Induced 
5 4007 30-34 Non-indigenous 
Married/De 
Facto 28-Apr-99 1 01FEB2000 3065 M 40 Live Spontaneous 
6 4007 25-29 Non-indigenous 
Married/De 
Facto 
 
0 03APR2000 2507 F 37 Live Caesarean 
7 4007 30-34 Non-indigenous 
Married/De 
Facto 
 
2 17MAY2000 3720 M 40 Live Spontaneous 
8 4007 20-24 Non-indigenous 
Married/De 
Facto 25-Aug-99 0 19MAY2000 3700 F 38 Live Caesarean 
9 4007 25-29 Non-indigenous 
Married/De 
Facto 
 
0 05MAY2000 3480 M 40 Live Induced 
10 4007 30-34 Non-indigenous 
Married/De 
Facto 17-Aug-99 1 02MAY2000 2050 F 37 Live Caesarean 
… … … … … … … … … … … … … 
277147 4504 30-34 Non-indigenous 
Married/De 
Facto 27-Sep-10 3 27SEP2010 3430 F 38 Live 
Caesarean 
277148 4504 25-29 Non-indigenous 
Married/De 
Facto 29-Sep-10 0 30SEP2010 3535 F 40 Live 
Spontaneous 
277149 4504 15-19 Non-indigenous Never Married 25-Oct-10 0 25OCT2010 2924 F 38 Live 
Spontaneous 
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3.3.2 Meteorological data 
The meteorological factors included daily maximum temperature, minimum temperature, 
mean temperature, dew-point temperature, relative humidity, ambient barometric pressure, 
daily solar exposure, and rainfall during 1999–2010, all of which was obtained from the 
Australian Bureau of Meteorology. 
Monitoring data from the following eight representative stations, which cover the whole 
Brisbane SD area, was included in this study (Table 3.2). 
Table 3.2 The information of meteorological monitoring stations  
included in this study 
Station Code   Station name 
040913 
 
Brisbane 
040842 
 
Brisbane Aero 
040211 
 
Archerfield Airport 
040265 
 
Redlands HRS 
040854 
 
Logan City Water Treat Plant 
040004 
 
Amberley AMO 
040284 
 
Beerburrum Forest Station 
040043   Cape Moreton Lighthouse 
 
In this study, I chose maximum temperature as the proxy of temperature to define heatwave 
as previous study (Barnett et al., 2010) found that the there was no superior temperature 
measure. I defined heatwave as the daily maximum temperature exceeding the 90th, 95th, and 
98th percentiles of daily maximum temperature distribution during the study period (1999–
2010) and lasting for 2, 3, or 4 consecutive days.  
3.3.3 Air pollution data 
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Since an association between air pollution and adverse birth outcomes has been reported by 
many researchers (Gouveia et al., 2004; Hansen et al., 2007; Ritz et al., 2006; Ritz et al., 
2007), air pollution data during the study period in Brisbane were also collected. Hourly 
concentrations of the different air pollutants including particulate matter with a diameter of 
less than 10 µm (PM10), particulate matter with a diameter of less than 2.5µm (PM2.5), 
nitrogen dioxide (NO2), and ozone (O3), carbon monoxide (CO), and sulphur dioxide (SO2) 
were obtained from the Queensland Department of Environment and Resource Management 
(DERM). The detailed information of the stations is shown in Table 3.3.   
Table 3.3 Basic information of air pollution monitoring stations in this study 
Data file 
code 
DERM site 
code 
Site name / location Data availability  
CBD  
(QUT) 
qut Brisbane CBD (2 George St) 1999 – 2010 
CBD  
(SCI) 
sci Brisbane CBD (102 George St) 1999 – 2004 
DCB dcb Deception Bay (Esplanade) 1999 – 2010 
EAG eag Eagle Farm, Brisbane (Curtin Ave W) 1999 – 2005 
PKB pss Pinkenba, Brisbane (Serpentine Rd) 2002 – 2010 
ROC roc Rocklea, Brisbane (Sherwood Rd) 1999 – 2010 
SBR sbr South Brisbane (South-East Freeway) 2001 – 2010 
SPR spr Springwood, Logan (Springwood Rd) 1999 – 2010 
WOO woo Woolloongabba, Brisbane (Ipswich Rd) 1999 – 2010 
WYN wyn 
Wynnum North, Brisbane (Wynnum 
North Rd) 
1999 – 2002 
2004 – 2010 
 
Table 3.3 shows that only half of the stations had air pollution data that covered the whole 
study period, in addition, some stations only had data on a few of the air pollutants. For 
example, at the CBD (QUT) station, only PM10 data were available. I calculated daily, 
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weekly, and monthly average concentrations of each air pollutant by averaging hourly data 
across stations after imputing missing values in any single monitoring station.  
3.3.4 Socioeconomic data 
Low socioeconomic status was identified as a major risk factor for adverse birth outcomes 
(Yakoob et al., 2010). Lacking information at an individual level, I chose Indexes for Areas 
(SEIFA) data to estimate the approximate social-economic status of women living in different 
areas in Brisbane according to postcodes of maternal residence. SEIFA is a product 
developed by the Australian Bureau of Statistics (ABS) to evaluate the socioeconomic 
advantage and disadvantage of areas in Australia based on information from the 5-yearly 
Census (Pink, 2013). It includes four indices: the Index of Relative Socio-Economic 
Disadvantage (IRSD), the Index of Relative Socio-Economic Advantage and Disadvantage 
(IRSAD), the Index of Education and Occupation (IEO), and the Index of Economic 
Resources (IER), which focuses on different aspects of socioeconomic advantage and 
disadvantage (ABS, 2013b). Three SEIFA datasets were released during my study period: 
SEIFA 2001 (ABS, 2007), SEIFA 2006 (ABS, 2008) and SEIFA 2011 (ABS, 2013a) based 
on each relevant 5-yearly census. In view of the potential long-term trends of economic 
development in 11 years, I used SEIFA 2001, SEIFA 2006 and SEIFA 2011 to estimate the 
maternal socioeconomic and educational status of mothers who delivered during 2000–2003, 
2004–2007, and 2008–2010, respectively. In this study, I used only the IRSD and IEO to 
evaluate the maternal socioeconomic disadvantage and educational status separately. All 
SEIFA data were obtained from the Australia Bureau of Statistics.  
3.4 DATA MANAGEMENT 
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3.4.1 Variable assignments 
For birth data, preterm birth and stillbirth were assigned as dichotomous outcomes according 
to birth records. I further classified maternal age into three age groups: younger than 20, 20–
34, and older than 34 years, because previous studies had found that maternal ages younger 
than 20 or older than 34 years are a risk factor of preterm birth and stillbirth (Fraser et al., 
1995; Huang et al., 2008; Newburn-Cook & Onyskiw, 2005). I also divided marital status 
into three groups: married/de facto married, widowed/divorced/separated, and never married. 
For parity, I classified it into two subgroups: primiparity and multiparity.  
The IRSD and IEO were continuous scores ranging from 790.01 to 1136.00 and from 897.00 
to 1238.00 respectively. As low scores of these two indices indicate relatively greater 
disadvantage, I reassigned these two indices into categorical variables according to their 
scores. I defined low social economic status and low educational and occupational status as 
scores of IRSD and IEO that were lower than the 25th percentiles of the distribution of the 
whole population in Brisbane.  
3.4.2 Missing data management 
The proportions of missing values of variables were different. There were few missing values 
in birth records except the last menstrual period (LMP). A total of 75,986 (27.4%) birth 
records did not have information on LMP. For records without information on LMP, I 
calculated the date of conception by using the baby’s date of birth and gestational weeks 
shown in records (date of conception=baby’s date of birth – 7 × gestational week). For other 
missing values in birth records, the proportions of missing values of marital status, 
Indigenous status, and baby’s gender were 0.02% (n=65), 0.03% (n=104) and 0.01% (n=34), 
respectively. For these missing values, a random imputation on the basis of the marginal 
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distribution for each variable was interpolated according to previous studies (Strand, 2010). 
Taking the baby’s gender for an example, 51.47% of babies in my study were boys, so the 34 
(0.01%) missing values of baby’s gender were randomly imputed with a probability of 
0.5147.  
Some hourly values of the meteorological variables and data on air pollutants were missing in 
several monitoring stations. For this type of missing values, I imputed them using the average 
observed values from the other stations on the same day. 
3.5 DATA ANALYSIS 
3.5.1 Descriptive analysis  
Descriptive analysis was conducted on all variables in this study as follows:  
 I examined the distributions of demographic factors such as maternal age groups, 
marital status, Indigenous status, parity, and baby’s gender among subgroups with 
different birth outcomes and in the whole birth cohort. 
 Chi-square tests were used to examine the demographic differences of mothers between 
preterm births and full-term births, stillbirths and live births. 
 I calculated frequencies and proportions of all types of preterm birth and stillbirth in 
different demographic subgroups as well as in the whole birth cohort. 
 Chi-square tests were used to examine the proportional differences of preterm birth or 
stillbirth in different demographic subgroups. 
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 I plotted the temporal distributions of all environmental variables including ambient 
temperature, relative humidity, ambient air pressure, PM10, SO2, NO2, CO, and O3 to 
observe the potential seasonal and long-term patterns. 
 Normality tests of all environmental factors were conducted. 
 Descriptive statistics including minimum values, medians, different percentiles and 
maximum values of all continuous variables (e.g., ambient temperature, relative 
humidity, ambient air pressure, PM10, SO2, NO2, CO and O3) were calculated. 
 Spearman’s rank correlation analyses were undertaken to assess the correlations 
between weather variables and air pollutants. I chose Spearman’s rank correlation 
analysis rather than Pearson’s, because all environmental factors were not normally 
distributed. 
 The frequency of heatwave and monthly heatwave distributions during the whole study 
period were examined. 
3.5.2 Multivariable Analyses 
3.5.2.1 Basic model construction 
A survival analysis was used in this study to explore the influence of heatwave on different 
birth outcomes (spontaneous preterm birth and stillbirth). I used Cox proportional hazards 
regression model, one of the most popular methods in survival analysis, with time-dependent 
covariates to estimate the effects of heatwave on preterm birth and stillbirth.  
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The Cox proportional hazards regression model (Cox regression) was introduced by David 
Cox in 1972 (Cox, 1972). It has been widely used in analysis of time-to-event data with 
censoring and covariates (Fisher & Lin., 1999). In general, the model can be written as  
ℎ(𝑡) = ℎ0(𝑡)𝑒𝑥𝑝�𝛽1𝑥1 + 𝛽2𝑥2 + ⋯+ 𝛽𝑞𝑥𝑞� 
Where ℎ0(𝑡) is known as the baseline hazard function, being the hazard function for 
individuals with all explanatory variables equal to zero, 𝑥1, 𝑥2 𝑎𝑛𝑑 𝑥𝑞  are vectors of 
covariate values of individuals. The key to analysis of survival with this model is to estimate 
𝛽 and make inferences about its value. If the hypothesis that 𝛽𝑞 = 0 is rejected, then it can 
be inferred that the variable 𝑥𝑞 influences the hazard, and hence, the survival function. If 
𝛽𝑞 < 0 then the hazard increases as 𝑥𝑞 increases; on the other hand, if 𝛽𝑞 > 0 then the 
hazard decreases as 𝑥𝑞 increases, and meanwhile, the estimated value of 𝛽𝑞 leads to an 
estimate of 𝑒𝑥𝑝�𝛽𝑞� which is called the hazard ratio (HR). As the method of estimating 𝛽𝑞 
is based on a partial likelihood in which the factor ℎ0(𝑡) is cancelled out, it allows us to 
estimate the effect of a covariate on the hazard function without estimating the baseline 
hazard (Cantor, 2003). 
This standard Cox regression model assumes a constant hazard ratio over time. However, in 
this study, I had to consider that the values of a covariate at different times of the whole 
pregnancy period are not fixed over time, so I could rewrite the model as 
ℎ𝑖(𝑡) = ℎ0(𝑡)𝑒𝑥𝑝[𝛽1𝑥𝑖 + 𝛽2𝑥𝑖 (𝑡)] 
Where 𝑥𝑖 are the vectors of time-independent variables such as babies’ gender, season of 
birth and mother’s age, 𝑥𝑖  (𝑡)  are the vectors of the time-dependent variables (i.e., 
temperature and air pollutants). 
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In this study, preterm birth or stillbirth were treated as a binary variable, and gestational age 
as time-to-event data. Taking preterm birth as an example, after 18 gestational weeks (the 
minimum gestational age recorded in my study), each pregnant woman would experience a 
birth before the 37th week or continue the pregnant status after 37 weeks. As discussed 
above, the whole pregnancy period was divided into a sequence of shorter periods 
(gestational months or weeks), each characterised by an entry and exit time, and within which 
the time-dependent variables could be regarded as fixed. So, the data of each pregnant 
woman are represented by a number of censored intervals and possibly one interval ending 
with the occurrence of the event of interest (preterm birth). The structure of the arranged 
dataset is shown in table 3.4.  
As we know, for proportional hazard models, a HR shows the multiplicative effect on the risk 
of event with 1-unit change in the covariate of interest. If a given covariate is a dichotomous 
variable, the hazard ratio can be explained as the same meaning of relative risk (Liu, 2012). 
For example, the hazard ratio of preterm birth for heatwave exposure (1=exposed, 
0=unexposed) in this study presented the proportions of the risk for babies whose mothers 
were exposed to heatwave during pregnancy as relative to the risk of preterm birth for babies 
whose mothers were not exposed. In some epidemiological studies, researchers prefer to 
compute 100×(HR-1) to yield the changes in the risk with a 1-unit change of the covariate of 
interest. Taking preterm birth for example, if the hazard ratio is 1.43, we can interpret it as 
the risk of preterm birth increased by 43% for a baby whose mother exposed to at least one 
compared to those whose mother were not exposed. 
As mentioned above, the standard Cox regression model assumes that there are no tied 
observed survival times in data; however, as a discrete time scale (gestational week) was used 
in this study, which means that two or more subjects experiencing a particular event of 
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interest at the same time were common, I had to deal with the proper ways to perform the 
partial likelihood function in the presence of tied data.  
Technically, a number of approaches have been developed to handle tied data in proportional 
hazards regression models. In most statistical software, four approaches are implemented: the 
exact partial likelihood method (Kalbfleisch & Prentice, 1973), the Breslow approximation 
method (Breslow, 1984), the Efron approximation method (Efron, 1977), and discrete method. 
So far, there is no consensus on which approach is the best for analysing survival data with 
heavy ties.  
The exact method assumes that all survival times are continuous, and the survival times of 
any subjects are different. However, in practice, it is almost impossible to capture all of the 
exact survival times or work out the real orderings of all subjects, and we needed to consider 
all possible orderings with the exact method (Liu, 2012). Of course, this method could 
provide a complete partial likelihood function and yield the least amount of bias in 𝛽, but this 
method is computationally difficult for heavy tied data, and it is unnecessary when the dataset 
is large (Prentice & Kalbfleisch, 2002). The discrete method assumes that the tied survival 
times are discrete.  
Breslow and Efron methods are much simpler than the exact method. Some statisticians 
recommended the Efron method when the sample size is small, due to heavy censoring or 
other reasons (Hertz-Picciotto & Rockhill, 1997). Inversely, the Breslow approximation 
method performed poorly compared with the exact method and Efron methods when the 
sample size is small (Kalbfleisch & Prentice 2002). However, it has become a first choice for 
researchers to handle tied survival data because it has been proved, when analysing large-size 
survival data, that the Breslow method is adequate to obtain a robust, consistent, and efficient 
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estimate of coefficients. Furthermore, it is the default choice in much statistical software, 
such as SAS (Liu, 2012).  
As the birth records collected in this study cover almost 11 years, and include enough 
samples, I chose the simplest approximation method, the Breslow method, to handle the tied 
data. 
3.5.2.2 Potential confounders and effect modifiers 
Five identified maternal and fetal risk factors of preterm birth and stillbirth were retrieved 
from the birth records, including maternal age (younger than 20 years, 20-34 years (reference 
group), older than 34 years), marital status (married/de facto married (reference group), 
widowed/divorced/separated, and never married), Indigenous status (yes/no), parity 
(primiparity/multiparity) and baby’s gender (male/female). These variables were included in 
the model as categorical covariates. 
To examine the potential effect modifications by maternal characteristics and socioeconomic 
factors, I created relevant interaction terms (maternal age groups ×heatwave (three-level 
interactions), Indigenous status  ×heatwave, marital status ×heatwave, parity×heatwave, 
baby’s gender ×heatwave, IRSD×heatwave and IEO×heatwave) and added them into the 
Cox regression model separately, by using HWD1. 
Some studies pointed out that women with lower socioeconomic status were more likely to 
experience adverse birth outcomes because they mostly had poor access to appropriate 
antenatal care (Flenady et al., 2011) and poor living conditions, which make them more 
exposed to adverse environmental factors (Woodruff et al., 2009). In this study, I also took 
maternal socioeconomic and educational status into account to control for their potential 
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confounding effects. I added IRSD and IEO into the model separately instead of putting them 
in the model together, as women with higher socioeconomic status are more likely to have 
advantaged educational opportunities. 
I controlled for relative humidity and ambient air pressure because several previous studies 
have found the relationship between these two meteorological factors and birth outcomes 
(Akutagawa et al., 2007; Noller et al., 1996; Yackerson et al., 2008). 
Air pollutants including PM10, SO2, NO2, CO and O3 were also controlled for in this study 
because the birth-related effects of air pollutants have been widely examined and confirmed 
in many studies (Hansen et al., 2006; Shah & Balkhair, 2011).  
In this study, I also adjusted for the potential seasonal pattern and long-term trends of birth by 
using two new variables “year” and “month”. 
All the data management and data analyses were performed using R 2.15.1 (The R Project for 
Statistical Computing, http://www.r-project.org) and SAS 9.3 (SAS Institute Inc., Cary, NC, 
USA). 
3.5.2.3 Statistical power, model Fitting and diagnosis 
In this study, a total of 277,133 registered singleton births, included 1684 stillbirths were 
investigated, which has covered the whole target population during 2000-2010 in Brisbane 
Standard Deviation (SD) area. I conducted statistical power analyses and tested the statistical 
powers of detecting the risks of preterm birth and stillbirth among women who exposed to 
heatwave comparing with those unexposed to heatwave (Table A2-1 in appendices). 
A complicated model exploration had been done in this study. Firstly, univariate Cox 
regression models with respect to each independent variable in this study were built to check 
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whether there was an association between each potential confounder and the adverse birth 
outcome of interest before multivariable analysis. Secondly, a series of multivariable Cox 
regression models which included the heatwave variable and each covariable separately were 
fitted, then covariables were added into the models: two-covariables, three-covariables, 
four-convariables, etc. For the multivariable analysis, backward selection and Akaike’s 
information criterion (AIC) were used for the model selection. This model exploration 
showed that the model with confounding covariables except for relative humidity had the 
lowest AIC. However, as most previous studies (Lajinian et al., 1997; Porter et al., 1999; 
Yackerson et al., 2008) investigating the impact of ambient temperature on adverse birth 
outcomes included humidity, the final model included all potential confounding covariables. 
One important assumption of Cox regression is that the hazard rates of a variable of interest 
should be proportional over time. Many statistical methods have been developed to assess the 
proportionality assumption of the Cox model, for instance using the Anderson plots 
(Anderson, 1982), the Arjas plots (Arjas, 1988), scaled Schoenfeld residuals (Schoenfeld, 
1982), as well as cumulative sums of martingale-based residuals (Lin et al., 1993).   
In this study, I checked the proportional hazards assumptions for all time-independent 
variables in Cox model with cumulative sums of martingale-based residuals (Lin et al., 1993) 
as recommended by Liu (2002). By using this method, I could obtain both graphical and 
numerical checks of proportionality. The graphical check could display the standardised and 
observed score processes of a variable. If the graphical results of the proportional hazards 
assumption of a given covariate shows that the observed scores fluctuate randomly around 
zero, or the P values of Kolmogorov-type supremum test is greater than 0.05, the 
proportionality assumption about the covariate is not violated. 
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The log partial likelihood ratio tests and Akaike’s information criterion (AIC) were used in 
this study for checking the goodness fit of the Cox models. 
3.6 DATASET FORMATTING AND MERGING  
I rearranged the original birth records and environmental datasets to make them satisfy the 
requirements for Cox proportional regression model with time-dependent variables.  
As mentioned in 3.5.2.1, for each birth record I divided the whole pregnant period into a 
series of short periods (every gestational week or month) according to gestational age, and 
calculated the average levels of environmental factors in each short period. In this study, I 
treated maternal and fetal demographic factors such as mothers’ age and baby’s gender as 
time-independent variables that did not change their values during the whole pregnant period. 
I linked socioeconomic data with birth data by year and postcode of mothers’ residence. 
Table 3.4 shows the main structure of arranged data for survival analysis.  
For environmental data, I treated the meteorological factors and air pollutants as 
time-dependent variables and calculated the weekly average level of temperature, humidity, 
air pressure, and ambient air pollutants.  
Heatwave was assigned as a binary variable, which indicated whether pregnant women 
experienced heatwave in each gestational week during their pregnancy. 
Finally, I linked the arranged birth data, socioeconomic data, and other environmental data 
together. 
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Table 3.4 Data structure of birth records for Cox regression with time-dependent variables 
ID 
date of  
birth 
gestational 
age 
gestational 
week 
start 
date end date 
event 
(PTB) 
age  
group 
baby's 
gender … postcode IRSD heatwave … … NO2 
1 1/01/00 36 18 22/08/99 28/08/99 0 1 1 … 4304 936.29 0 … … 1.90 
1 1/01/00 36 19 29/08/99 4/09/99 0 1 1 … 4304 936.29 0 … … 1.43 
1 1/01/00 36 20 5/09/99 11/09/99 0 1 1 … 4304 936.29 0 … … 1.91 
1 … … … … … … … … … … … … … … … 
1 1/01/00 36 33 5/12/99 11/12/99 0 1 1 … 4304 936.29 0 … … 1.00 
1 1/01/00 36 34 12/12/99 18/12/99 0 1 1 … 4304 936.29 0 … … 0.83 
1 1/01/00 36 35 19/12/99 25/12/99 0 1 1 … 4304 936.29 1 … … 0.91 
1 1/01/00 36 36 26/12/99 1/01/00 1 1 1 … 4304 936.29 1 … … 0.73 
                2 1/01/00 42 18 11/07/99 17/07/99 0 3 2 … 4506 984.38 0 … … 1.35 
2 1/01/00 42 19 18/07/99 24/07/99 0 3 2 … 4506 984.38 0 … … 1.78 
2 1/01/00 42 20 25/07/99 31/07/99 0 3 2 … 4506 984.38 0 … … 1.66 
2 … … … … … … … … … … … … … … … 
2 1/01/00 42 39 5/12/99 11/12/99 0 3 2 … 4506 984.38 0 … … 1.00 
2 1/01/00 42 40 12/12/99 18/12/99 0 3 2 … 4506 984.38 0 … … 0.83 
2 1/01/00 42 41 19/12/99 25/12/99 0 3 2 … 4506 984.38 1 … … 0.91 
2 1/01/00 42 42 26/12/99 1/01/00 0 3 2 … 4506 984.38 1 … … 0.73 
age group: 1, 20-34; 2, <20; 3, >=35 
baby's gender: 1, male; 2, female 
PTB: preterm birth 
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ABSTRACT 
Objective: To quantify the short-term effects of maternal exposure to heatwave on preterm 
birth. 
Design: An ecological study. 
Setting: A population-based study in Brisbane, Australia. 
Population: All pregnant women who had a spontaneous singleton live birth in Brisbane 
between November and March in 2000–2010 were studied. 
Methods: Daily data on pregnancy outcomes, meteorological factors, and ambient air 
pollutants were obtained. The Cox proportional hazards regression model with 
time-dependent variables was used in this study to examine the short-term impact of 
heatwave on preterm birth. A series of cut-off temperatures and durations were used to define 
heatwave. Multivariable analyses were also undertaken to adjust for socioeconomic factors, 
demographic factors, meteorological factors, and ambient air pollutants.  
Main outcome measure: Spontaneous preterm births. 
Results: The adjusted hazard ratios (HRs) ranged from 1.13 (95% confidence interval 
(95%CI): 1.03–1.24) to 2.00 (95%CI: 1.37, 2.91) by using different heatwave definitions 
after controlling demographic, socioeconomic factors, meteorological factors, and air 
pollutants.  
Conclusion: Heatwave was significantly associated with preterm birth; the associations were 
robust to the definitions of heatwave. The threshold temperatures, instead of duration, could 
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be more likely to influence the evaluation of birth-related heatwaves. The findings of this 
study may have significant public health implications as climate change progresses. 
Keywords: Preterm birth, heatwave, survival analysis, hazards ratio   
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4.1 INTRODUCTION 
According to the definition of the World Health Organization (WHO), preterm birth is 
defined as a live childbirth occurring at less than 37 completed weeks or 259 days of 
gestation (WHO, 2007). Children who are born preterm are more likely to experience early 
death, respiratory illnesses, neuro-developmental disorders, lower cognitive abilities, and 
even increased behavioural problems (Beck, et al., 2010; Colvin, et al., 2004; Crump et al., 
2011; Huddy, et al., 2001). In addition to possible physical and psychological damage to a 
child’s health, preterm birth may also increase the economic burdens of the families in terms 
of more health care costs and/or educational expenditure (Petrou, 2005).  
There are three types of preterm birth: spontaneous preterm birth, medically indicated 
preterm birth as well as maternal elective preterm birth, and caesarean preterm birth (Bailit et 
al., 2010; Goldenberg, et al., 2008). 
Preterm birth is associated with a variety of factors, including genetic, socio-demographic, 
behavioural, and environmental factors (Hansen, et al., 2006; Pennell et al., 2007; York, et al., 
2010; Zhu et al., 2005). In recent decades, the impact of ambient temperature on preterm 
birth has been increasingly recognised (Basu et al., 2010; Lee et al., 2006; Lee et al., 2007; 
Strand, et al., 2012). However, the findings on how, and to what extent, ambient temperature 
might influence gestational age have been inconsistent. A time-stratified case-crossover 
analysis of almost 60,000 births in California between May and September between 1999–
2006 (Basu et al., 2010) found that a 5.6°C increase in weekly average apparent temperature 
(i.e. the cumulative average weekly lag) increased the incidence of the preterm delivery by 
8.6% (95% CI: 6.0%–11.3%). By contrast, a time-series analysis of short-term effects of 
meteorological factors on preterm births in London, using a large dataset that included 
101 
 
482,568 births, covering a period of 13 years, revealed that the risk of preterm birth does not 
increase when pregnant women are exposed to higher temperature (Lee et al., 2007).  
 
 
  
Heat stress 
(Heat exposure) 
Release of ADH 
(Vasopressin) 
Oxytocin (OT) 
Hypersecretion 
Reduce uterine 
blood flow (UBF) 
Utero-placental perfusion 
Effects on uterine activity  
 
Fetal hypoxia 
Preterm birth 
Abbreviation: ADH, Antidiuretic hormone 
Figure 4.1 Possible biological mechanisms for 
heat-related preterm birth (summarised from Dreiling 
CE et al., 1991) 
102 
 
Although the exact biological mechanisms by which heatwave lead to preterm birth is still 
unknown, several animal experiments and human trials have been performed to investigate 
this issue. An animal study on maternal endocrine and fetal metabolic responses to heat stress 
showed that heat stress could induce the hypersecretion of antidiuretic hormone (ADH) and 
oxytocin (OT), which either individually or collectively might decrease the uterine blood 
flow (UBF), shift fetal metabolic pathways from anabolic to catabolic and then result in 
preterm birth (Figure 1) (Dreiling et al., 1991). 
Climate change has been accelerating over recent years (Callaghan et al., 2010). Heatwave 
will be one of the important public health challenges of this century as a consequence of 
overall global warming, and the increased frequency, intensity, and duration of extreme 
events. The definition of heatwave generally involves two indispensable aspects: the 
temperature exceeding a specific absolute temperature or percentile of the temperature 
distribution and the prolonged duration of the heat event (Bell & Dominici, 2010). Some 
previous studies that focused on the association between heatwave and health outcomes such 
as deaths and emergency hospital admissions, showed that even a small change in the 
definition of heatwave can lead to considerable difference in the risk estimates of heatwave 
(Anderson & Bell, 2011; Tong et al., 2010). Based on the literature review, several studies 
have examined the associations between high temperature or heat stress and preterm (Basu et 
al., 2010; Dadvand et al., 2011; Lajinian et al., 1997), but none of them have taken the 
duration of heat events into account. This study investigated the effects of heatwave on 
preterm birth between 2000 and 2010 in Brisbane, Australia. In addition, I examined how the 
birth-related effects of heatwave changed when different temperature thresholds and 
durations were used to define a heatwave. 
4.2 METHODS 
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4.2.1 Data collection 
Birth cohort data on all singleton births in Brisbane from 1 January 2000 to 31 December 
2010 were collected from the Data Collections Unit (DCU) of the Queensland Health 
Statistics Centre, which records antenatal, intrapartum, and postpartum data of all live births 
and stillbirths of at least 20 weeks gestation, and/or of at least 400 grams in weight, born in 
Queensland. The data set I collected included the following variables: date of birth, 
gestational age in weeks, gender of baby, weight of baby, onset of labour (spontaneous, 
induced, and caesarean), mother’s residential area (postcode), maternal age group, marital 
status, Indigenous status, and parity. I included only spontaneous live births, which accounted 
for 56% of all births in this study, in order to gain a more accurate estimation of gestational 
effects attributed to heatwave, as most induced and caesarean births were medically indicated. 
In addition, to focus on heatwave exposure, as in another study (Basu et al., 2010), only 
spontaneous births that occurred in warm seasons (1 November–31 March) were used in my 
final analysis. 
As the earliest conception date of pregnant women in the birth cohort was 13 March 1999, I 
collected the environmental data for 1999–2010 to obtain information on environmental 
exposure for the whole pregnancy period. Data on meteorological factors, including daily 
maximum temperature, relative humidity, and ambient barometric pressure, from eight 
monitoring stations in Brisbane during 1999–2010 were obtained from the Australian Bureau 
of Meteorology. I used nine definitions of heatwave in this study through combining a series 
of cut-off percentiles and different durations: daily maximum temperature exceeding the 90th, 
95th, and 98th percentiles of daily maximum temperature distribution of the study period for 
at least 2, 3, or 4 consecutive days (Table 1). I estimated the effects of heatwave exposure of 
pregnant women during their last gestational weeks before delivery. 
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I also acquired data on ambient air pollutants, including particulate matter with a diameter 
less than 10 μm (PM10), ozone (O3), carbon monoxide (CO), and nitrogen dioxide (NO2) 
from five stations in Brisbane, because many previous investigations found that ambient air 
pollution can affect birth outcomes (Chang et al., 2012; Ritz et al., 2000; Son et al., 2010). 
The air pollution data were provided by the Queensland Department of Environment and 
Resource Management (DERM). Weekly average levels of meteorological factors and 
ambient air pollution exposures were calculated by using the original daily data.  
Table 4.1 Summary of heatwave events during summer seasons in  
the period 1999–2010 using different heatwave definitions (HWDs)  
in Brisbane, Australia 
HWDs 
Cut-off percentile  
& temperature (℃) 
Duration  
(days) 
Number of 
heatwave events 
1 90th   (30.38℃) 2 281 
2 90th   (30.38℃) 3 190 
3 90th    (30.38℃) 4 129 
4 95th    (31.32℃) 2 115 
5 95th   (31.32℃) 3 60 
6 95th   (31.32℃ 4 31 
7 98th   (32.52℃) 2 37 
8 98th   (32.52℃) 3 11 
9  98th   (32.52℃) 4 2 
 
In addition, I also acquired the data on the Social Economic Index for Areas (SEIFA) from 
the Australian Bureau of Statistics (ABS) to estimate maternal socioeconomic status. SEIFA 
is a product developed by the ABS that ranks areas in Australia according to relative 
socioeconomic advantage and disadvantage. The index is based on information from the 
5-yearly census, and consists of 4 sub-indexes. In this study, I used SEIFA data released in 
2001 and 2006 to represent the maternal economic status of births occurring during 
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2000-2005 and 2006-2010 respectively. SEIFA data was linked to the birth records by year 
and area postcode. 
4.2.2 Data analysis 
Survival analysis was used in this study to explore the influence of heatwave on spontaneous 
preterm birth. Several studies have used the Cox proportional hazards (PHs) regression model 
to investigate the birth effects of environmental factors such as temperature and air pollution 
(Chang et al., 2012; Strand et al., 2012). The authors in these studies believed that survival 
analysis combines the advantages of cohort and time-series studies, as this model allows for 
the simultaneous examination of the impact of both subject-specific (e.g. individual behavior 
risk factors) and time-related factors (e.g. air pollution, humidity, and other meteorological 
factors). Furthermore, the power of the survival analysis is increased compared with a case–
crossover approach because all the subjects are examined (Chang et al., 2012; Lepeule et al., 
2006; Son et al., 2010). 
Preterm birth is defined as a live birth occurring at < 37 completed weeks of gestation, 
according to the definition of the WHO (2007). I used the Cox proportional hazards 
regression model (Cox regression), which is widely used in survival analysis, with 
time-dependent covariates to estimate the acute effects of heatwave (Cox, 1972). Cox 
regression has been used in epidemiological studies to analyse time-to-event data with 
censoring. The standard Cox regression model assumes a constant hazard ratio over time: in 
other words, the effects on survival of covariates should be time-independent. However, in 
my study, I had to consider that the values of covariates such as heatwave exposure at 
different times of the whole pregnancy period were not fixed, and so I fitted the Cox 
regression model with time-dependent covariates as follows: 
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ℎ�𝑡,𝑋𝐼,𝑋𝑖 (𝑡)� = ℎ0(𝑡)exp [𝛽𝐼𝑋𝐼 + 𝛽𝑑𝑋𝑖(𝑡)] 
Where ℎ0(𝑡) is the baseline hazard function, being the hazard function for individuals with 
all explanatory variables equal to zero; 𝑋𝐼 refers to the values of time-independent variables 
such as baby’s gender, mother’s age, and parity; 𝑋𝑖(𝑡) are the values of the time-dependent 
variables (meteorological factors and air pollutants); and 𝛽𝐼 and 𝛽𝑑 are vectors of model 
parameters for time-independent and time-dependent covariates (Cantor, 2003).  
Heatwave exposure in this study was assigned as a binary value (yes/no), which indicated 
whether they experienced at least one heatwave event in the last gestational weeks before 
delivery. 
Preterm birth is the outcome of interest in this study. I divided the whole pregnancy period 
into gestational weeks and assumed that within each of these, time-dependent variables such 
as weekly air pollution levels could be fixed. Consequently, the birth states of each pregnant 
woman were represented by a series of intervals of 1-week duration. Within each interval, a 
censoring variable was created which was zero if a preterm birth did not occur, and 1 if a 
preterm birth occurred. For example, if one delivery occurred at 36 weeks, the pregnancy 
would be recorded as 36 intervals with the final censoring variable equal to 1; if a delivery 
occurred at 38 weeks, the pregnancy would be recorded as 38 intervals with all values of 
censoring variable equal to 0.  
I classified maternal age into three groups: <20, 20–34, and >34 years, and treated age groups 
as stratified variables in the model, as previous studies have found a nonlinear relationship 
between maternal age and birth outcomes: i.e. women younger than 20 years or older than 34 
years are more likely to suffer from adverse birth outcomes such as preterm birth, low birth 
weight, and even stillbirth (Fraser, et al., 1995; Newburn-Cook & Onyskiw, 2005). 
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Indigenous status (yes/no), marital status (yes/no), parity (primiparity/multiparity), baby’s 
gender (male/female), as well as SEIFA scores were entered into the model to adjust for 
demographic factors and areal socioeconomic status. In addition, I used both single-pollutant 
and multi-pollutant models to adjust for the confounding effects of air pollution. To control 
for long-term trends, I added “year” as a factor variable into the model.  
I restricted the study to warm seasons in order to control the effects of seasonality of birth; 
meanwhile, a factor variable “month” was also included in the model.  
The graphical methods, which use cumulative sums of the martingale-based residuals, were 
performed to check the proportionality assumptions of the Cox models used in my study (Lin 
et al., 1993; Liu, 2012). The results of the proportional hazard (PH) assumption on all 
covariates showed that for heatwave and most of other covariates except relative humidity, 
the standardised and the observed score processes fluctuated randomly around zero, and the P 
values of the Kolmogorov-type supremum tests were larger than 0.05, which indicated that 
the PH assumptions on most variables were satisfied (Figure S4.1–S4.13). However, when I 
removed relative humidity from the model the estimates of heatwave barely changed. All 
analyses were conducted using SAS 9.2 (SAS Institute Inc., Cary, NC, U.S.A.). 
4.3 RESULTS 
A total of 275,465 singleton live births occurred between 1 January 2000 and 31 December 
2010 in Brisbane. 
The number of spontaneous births was 154,785 (56% of all singleton live births). Fifteen 
births were excluded because they lacked gestational age information. The prevalence of 
preterm birth was 6.4%. The gestational age ranged from 20 to 43 weeks of gestation, and the 
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mean gestational age was 39.20 weeks. Only spontaneous births that occurred between 
November and March, of which the total number was 50,848, were used in the final analysis.  
Table 4.2 Characteristics of the 50,848 spontaneous births that occurred between November 
and March during the period 2000–2010 in Brisbane, Australia 
factors Number  of births 
Percentage  
(%)   
Full-term 
 births 
Preterm 
 births   
Proportion of  
preterm birth 
(%) 
 
P 
Indigenous status                 
              
Indigenous 1,367 2.69  1,224 143  10.46 <.0001*        
Non-Indigenous 49,481 97.31  46,277 3,204  6.48 
         
age group         
<20    3,300 6.49  3,074 226  6.85 
<.0001*   20-34      39,781 78.24  37,276 2,505  6.30 
>34 7,767 15.27  7,151 616  7.93 
         
Marital status         
Divorced/ separated/ 
widows 839 1.65  773 66  7.87 
0.005* 
Married/cohabiting  42,799 84.17  40,047 2,752  6.43 
Never married  7,210 14.18  6,681 529  7.34 
         
Baby's gender         
Male 26,078 51.29  24,231 1,847  7.08 <.0001* 
Female 24,770 48.71  23,270 1,500  6.06 
         
Parity         
primiparity 21,755 42.78  20,235 1,520  6.99 0.002* 
multiparity 29,093 57.22  27,266 1,827  6.28 
                  
 * Chi-square test, P<0.05 
 
Table 4.2 shows the summary statistics of the demographic factors and the proportions of 
preterm birth that occurred in different subgroups. The majority of mothers were 
non-Indigenous (97.31%). The ages of the mothers ranged from 15 to 44 years, and most 
(78.24%) were 20–34 years old. The majority (84.17%) were married. The percentages of 
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primiparity and multiparity were 57.22 and 42.78%, respectively. Chi-square tests showed 
that the proportions of preterm birth in the Indigenous population (10.46%) were 
considerably higher than in non-Indigenous population (6.48%) (P<0.05), and women older 
than 34 years as well as primiparae were more likely to experience preterm birth. The 
proportions of preterm birth varied significantly according to the mothers’ marital status 
(Table 4.2).Table 4.3 shows the summary statistics of the meteorological factors and air 
pollutants during 1999–2010 in Brisbane. I excluded environmental data before 13th March 
1999 because all the pregnant women’s gestational periods started after this date. The average 
weekly maximum temperature ranged from 14.00 to 37.85 ℃ during the study period, the 
medians of weekly concentrations of PM10, CO, O3 and NO2 were 17.66 μg/m3, 0.544ppm, 
0.016 ppm and 0.004 ppm, respectively (Table 4.3). 
Table 4.3 Summary statistics of the meteorological and air pollution variables in Brisbane from 
2000–2010 
Variables Minimum Q1 Median Q3 Maximum 
Meteorological factors 
     
Maximum temperature (℃) 14 23.09 26.06 28.51 37.85 
Relative humidity (%) 13.71 49.62 57.12 64.25 95.88 
Air pressure(kPa) 993.84 1011.47 1015.24 1018.78 1030.8 
      Air pollutants 
     PM10 (μg/m3) 3.17 14.04 17.66 21.86 965.89 
CO(ppm) 0.017 0.296 0.544 0.842 3.483 
O3 (ppm) 0.002 0.012 0.016 0.02 0.043 
NO2(ppm) 0.001 0.004 0.006 0.01 0.025 
Abbreviations: Q1: lower quartile; Q3: upper quartile 
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Figure 4.2 Time series of meteorological and air pollutants during the period 1999–2010 in 
Brisbane, Australia. From top to bottom: daily maximum temperature; daily relative humidity; 
daily ambient air pressure; daily average CO; daily average O3; daily average NO2; daily 
average PM10. 
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Figure 4.2 shows the time series variations of all meteorological factors and air pollutants. 
The yearly variations in these variables were quite consistent over the study period expect 
PM10, which had a dramatic increase in September 2009 due to a dust storm in Brisbane on 
23 September 2009.  
Several exploratory analyses were also performed. Table 4.4 shows that the distributions of 
relative humidity, air pressure, air pollutants, and SEIFA scores (the Index of 
Socio-Economic Disadvantage) in heatwave days and non-heatwave days differed (Student’s 
t test, P<0.05). 
Table 4.4 Distribution of environmental factors on heatwave and  
non-heatwave days 
Meteorological factors Non-heatwave Heatwave 
 
P value 
Relative Humidity 
 (%) 62.31 60.80 <.0001* 
Air Pressure(kPa) 1012.8 1010.5 <.0001* 
    Air pollutants 
   PM10 (μg/m3) 17.03 20.10 <.0001* 
CO(ppm) 0.491 0.486 0.04* 
O3 (ppm) 0.015 0.017 <.0001* 
NO2 (ppm) 0.005 0.004 <.0001* 
    SEIFA scores 
   Index of socio economic  
disadvantage 1004.6 1003.2 0.03* 
* Student’s t test, P<0.05 
    
Table 4.5 summarises the proportions of preterm birth by women’s heatwave exposure in 
their last gestational weeks before delivery. Increased proportions of preterm birth for women 
exposed to heatwave were observed when using five heatwave definitions, although the 
chi-square tests showed that these differences were not statistically significant.  
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Table 4.5 Summary of spontaneous preterm births between women exposed and unexposed to 
heatwave in their last gestational weeks during 2000–2010 in Brisbane, Australia 
HWDs 
Non- heatwave exposure   Heatwave  exposure 
 
  P * 
Full-term 
 births 
Preterm  
births 
Proportion of  
preterm birth 
(%) 
 
Full-term 
 births 
Preterm  
births 
Proportion of  
preterm birth 
(%) 
1 22588 1649 6.38 
 
24913 1698 6.8 0.05 
2 30754 2161 6.57 
 
16747 1186 6.61 0.83 
3 34997 2489 6.64 
 
12504 858 6.42 0.38 
4 35043 2460 6.56 
 
12458 887 6.65 0.98 
5 40055 2826 6.59 
 
7446 521 6.54 0.87 
6 43440 3057 6.57 
 
4061 290 6.67 0.82 
7 41799 2983 6.66 
 
5702 364 6 0.05 
8 45274 3214 6.63 
 
2227 133 5.64 0.06 
9 47068 3315 6.58   433 32 6.88 0.79 
* Chi-square test 
 
Table 4.6 shows that when women were exposed to heatwave, the proportions of preterm 
birth differed from those in women not exposed to heatwave in the Indigenous subgroup, in 
women older than 34 years of age, and in women who are married or in stable cohabiting 
relationships (chi-square test, P<0.05).  
I examined the hazard ratios of preterm birth for women who experienced at least one heatwave 
event in their last gestational weeks by using a series of cut-off percentiles and durations to 
define a heatwave. Compared with the model that was unadjusted for pollutants, the results of 
single-pollutant models showed that the HRs of preterm birth for women exposed to heatwave 
in their last gestational weeks changed to some extent when different air pollutants are added 
into the model separately (Table S4.1).  
Finally, the model that was adjusted for all air pollutants (CO, O3 NO2, and PM10) and all 
other confounding factors was used. I only reported the results of multivariable analysis.  
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Figure 4.3 shows the hazard ratios of preterm birth for women who experienced heatwave. 
For most definitions used, I observed a statistically significant increase in the hazard ratios of 
preterm birth for women who had experienced at least one heatwave event in the last 
gestational weeks in warm seasons after controlling confounders. Hazard ratios of preterm 
birth ranged from 1.13 (95% CI: 1.03–1.24) to 2.00 (95% CI: 1.37–2.91) which showed that 
even a minor change in the heatwave definitions may affect the assessment of the relationship 
between heatwave and preterm birth (Figure 4.3). 
 
Figure 4.3 The adjusted hazard ratios of preterm birth for women exposed to at least one 
heatwave (nine definitions) in their last gestational weeks before delivery in warm seasons 
during the period 2000–2010 in Brisbane, Australia. (Values shown in this figure are adjusted 
hazard ratios of preterm birth after adjusting for maternal factors, humidity, air pressure and 
air pollutants) 
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Table 4.6 Proportions of preterm birth stratified by demographic factors for women exposed and unexposed to heatwave (HWD1) during 2000–
2010 in Brisbane, Australia* 
Demographic 
factors 
   Non- heatwave exposure       Heatwave  exposure    
  P  
 
Full-term 
births 
Preterm  
births 
Proportion of  
preterm birth (%)  
Full-term 
births 
Preterm  
births 
Proportion of  
preterm birth 
(%) 
Indigenous status                        
Indigenous  684 66 8.80  540 77 12.48 0.03* 
       
Non-indigenous  24229 1,632 6.31  22,048 1,572 6.66 0.12 
Age group          
<20     1,681 123 6.82  1,393 103 6.89 0.94 
  20-34       19,457 1,282 6.18  17,819 1,223 6.42 0.32 
>34  3,775 293 7.20  3,376 323 8.73  0.01* 
Marital status          Divorced/ 
Separated/Widows  391 30 7.13  382 36 8.61 0.42 
Married/cohabiting   20,970 1,381 6.18  19,077 1,371 6.70 0.03* 
Never Married   4,985 409 7.58  1,696 120 6.61 0.17 
Baby's gender          
Male  12,799 931 6.78  11,432 916 7.42 0.04* 
Female  12,114 767 5.91  11,156 733 6.17 0.49 
Parity          
primiparity  10,560 760 6.71  9,675 760 7.28 0.09* 
multiparity  14,353 938 6.13  12,913 889 6.44 0.28 
*Chi-square test, P<0.05 
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For 4 days of consecutive exposure, when higher cut-off percentiles were used to define a 
heatwave, I found that the hazard ratios increased from 1.13 (95% CI: 1.03–1.24) to 2.00 (95% 
CI: 1.37–2.91). However, for the cut-off percentiles used to define a heatwave (the 90th and 
95th percentiles), hazard ratios did not increase markedly with the longer duration of 
heatwave exposure, but do increase for the 98th percentile from 3 days to 4 days of duration 
(Figure 4.3). 
4.4 DISCUSSION 
4.4.1 Main findings 
In general, a positive association between heatwave exposure in the last gestational weeks 
and occurrence of preterm birth was found in this study after controlling for a range of 
potential confounders. Meanwhile, I also observed the changes of effect estimates of 
heatwave using a series of heatwave definitions. The highest hazard ratio of preterm birth for 
women who had experienced at least one heatwave event in the last gestational weeks was 
2.00 (95% CI: 1.37–2.91), when defining heatwave as a daily maximum temperature over the 
98th percentile that lasted for four consecutive days.  
4.4.2 Strengths and limitations 
This study has several key strengths. First, to my knowledge, this is the first study that takes 
the duration of heat exposure into account when exploring the association between heatwave 
and preterm birth. Second, I excluded the caesarean and induced preterm births to reduce the 
overestimation of the preterm birth risk of heatwave because most induced preterm births are 
unlikely to be attributable to heatwave. Third, I used a series of heatwave definitions with 
different cut-off percentiles and durations in this study. My robust findings may shed some 
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light on how the intensity and duration of heatwave might affect an assessment of 
birth-related impacts of heatwave. Finally, survival analysis was used in this study to estimate 
the effects of heatwave on preterm birth.  
Several limitations must also be acknowledged. In this study, I used SEIFA data instead of 
individual data to represent the socioeconomic status of the pregnant women, which might 
produce misclassification bias to some extent. In addition, I did not take into account several 
confounders, for example maternal smoking status, because this kind of individual 
information had too many missing values in the records. Meanwhile, meteorological and air 
pollution data obtained at an ecological level might be less representative. However, these 
measurement errors are very likely to be non-differential, and are therefore likely to result in 
under-estimation rather than over-estimation of heatwave effects. Finally, a fixed cohort bias 
occurred in this study. One methodological study suggested that a fixed cohort bias may 
occur when using a study period based on date of birth, because a fixed cohort could only 
capture births with longer gestational age at the start period and births with shorter gestational 
age at the end of study (Strand et al., 2011); however, another study showed that this bias 
could only have minimal impacts on changing their results (Hwang et al., 2011). In this study 
I only examined the short-term effects of maternal heatwave exposure in the last week before 
delivery. As most heatwave events occurred during the summer seasons, I could capture most 
subjects exposed to heatwave because I extended my study period across the warm seasons. 
4.4.3 Interpretation  
Eight studies have reported the effects of ambient temperature on gestational age or preterm 
birth (Basu et al., 2010; Dadvand et al., 2011; Flouris et al., 2009; Lajinian et al., 1997; Lee et 
al., 2007; Porter et al., 1999; Strand et al., 2012; Yackerson et al., 2008). My results are 
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consistent to some extent with the findings of most previous studies, which showed that 
higher ambient temperature, especially extreme hot weather, might shorten the gestational 
age or result in preterm birth (Basu et al., 2010; Dadvand et al., 2011; Flouris et al., 2009; 
Lajinian et al., 1997; Strand et al., 2012; Yackerson et al., 2008). A recent study based on a 
birth cohort in Barcelona defined an extreme heat event as the Heat Index (HI) exceeding the 
90th, 95th, and 99th percentiles of heat indices, and found a small reduction (0.2 day) in the 
average length of gestation when the HI on the day of delivery exceeds the 95th percentile 
(HI95: 30.5°C) (Dadvand et al., 2011). A survival analysis in Brisbane also found that 
exposure to high temperatures during the last gestational week was associated with an 
increase of the risk of preterm birth (Strand, et al., 2012).  
In this study, I identified heatwave as a period in which the daily maximum temperatures 
exceed certain percentiles of the temperature distribution for two or more consecutive days. 
For a given percentile, the effects did not increase when the durations of the heatwave 
changes, except for the 98th percentile, in which an increasing trend arose after a change in 
the duration of the heatwave from 3 to 4 days. On the other hand, when the duration of the 
heatwave is 4 days, there was a dose-response effect with the increased cut-off percentiles. A 
recent study defined heatwave as two or more consecutive days of daily mean temperatures 
that are higher than the 95% percentile of the warm season temperatures for that community, 
and it explored the effects of heatwave on mortality in 43 communities in the United States. 
The results of the study found that, on average, the mortality risk increases by 2.49% with 
every 1°F increase in heatwave intensity, and by 0.38% for every 1-day increase in the 
duration of the heatwave (Anderson & Bell, 2011). Both my study and the study of 43 U.S. 
communities hint that proper relative thresholds, instead of duration for defining heatwave, is 
more likely to assist in the evaluation of the health-related effects of heatwave (Anderson & 
Bell, 2011). 
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My results were partially inconsistent with the characteristic of mortality effects of heatwave; 
however, there is a greater mortality risk with more intensive temperatures or longer 
durations of heat (Anderson et al., 2009; Anderson & Bell, 2011). One potential explanation 
is that when a heatwave becomes more intense for a short period, pregnant women might be 
more likely to alter their behaviours to protect themselves from heatwave exposure, which is 
effective to some extent, but that when the intensity or duration of heatwave increases past a 
certain degree, mere behavioural changes won’t be able to protect women from the impacts 
of heatwave.  
In addition to the possible mechanism mentioned above (Dreiling et al., 1991), several studies 
have proposed that activation of the maternal-fetal hypothalamic-pituitary-adrenal (HPA) 
axis triggered by heat stress could also cause preterm birth (Lockwood & Kuczynski, 2001; 
Wang et al., 2001). A study in Denmark found that the increased Corticotrophin-Releasing 
Hormone (CRH) and cortisol secreted by the placenta, which could be activated by heat 
stress, is associated with preterm birth (Erickson, et al., 2001). Furthermore, studies also 
found a significant increase of the serum heat-shock protein (HSP70) levels in women with 
preterm birth and pre-eclampsia, as human cells and tissues may produce HSP70 rapidly to 
recover structural and functional damage caused by the incorrect folding of proteins (Beere & 
Green, 2001; Fukushima et al., 2005; Molvarec et al., 2006; Molvarec et al., 2009). 
These associations in this study were robust to the definitions of heatwave, persisting after 
adjustment for confounding factors, following a dose-response relationship with increasing 
temperature, and consistent with other international studies. In addition, there are plausible 
biological mechanisms that can explain the association: all of these factors support the 
interpretation that the relationship between short-term heatwave exposure and preterm birth is 
causal. 
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4.5 CONCLUSION 
In conclusion, heatwave was significantly associated with preterm birth, but the effect 
estimates were influenced by the intensity and duration of the heatwaves. The findings of this 
study showed that it is important for pregnant women to reduce heatwave exposure, which 
may have significant public health implications as climate change progresses. A number of 
measures can be implemented to reduce the risk of preterm birth associated with heatwave 
exposure (Kovats et al., 2008). First, information related to heat stress and birth outcomes, as 
well as recommendations on how to reduce heatwave exposure, should be widely 
disseminated by health-related organisations. Second, a community-based heat health 
warning system should be developed and implemented in a timely way to alert pregnant 
women. Interventions, for example changing the thermal capacity of living places and 
providing special supportive services to pregnant women during heatwaves, can also be 
developed and implemented (Kovats & Hajat, 2008). 
In addition, more animal experiments and human trials on the biological mechanisms should 
be performed in the future to help us improve our understandings of the causal relationship 
between heatwave and preterm birth. 
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Chapter 5 Maternal exposure to heatwave and 
stillbirth in Brisbane, Australia: a survival 
analysis 
ABSTRACT 
Background: Heatwave events have become more frequent and intense in most regions 
around the world, and they have significant adverse effects on health. However, no study has 
explored the influence of heatwave on stillbirths.  
Objectives: To explore the short-term impacts of maternal exposure to heatwave on 
stillbirths, and examine how maternal factors modified the heatwave-stillbirth associations in 
Brisbane, Australia. 
Methods: I obtained daily data on all singleton birth records in Brisbane, Australia, between 
2000 and 2010, and the related meteorological, air pollution, and socio-demographic data 
from relevant governmental agencies. Cox proportional hazards regression models were used 
to estimate the acute effects of maternal heatwave exposure in the last gestational weeks on 
stillbirth. Multivariable analyses were conducted to adjust for potential confounding factors. 
The modification effects by socio-demographic factors were also examined in this study to 
detect potential vulnerable groups. 
Results: There was a significant association between heatwave exposure and stillbirth, and 
the hazard ratios ranged from 1.21 (95% CI: 0.98–1.50) to 1.42 (95% CI: 1.16–1.73) using 
different heatwave definitions. The interactions of heatwave with maternal age (P=0.019), 
Indigenous status (P<0.001), baby’s gender (P=0.002) as well as economic status (P=0.018) 
were statistically significant. 
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Conclusions: Maternal heatwave exposure in the last gestational week before delivery 
increased the risk of stillbirth. Maternal age, Indigenous status, socioeconomic status, and 
baby’s gender modified the risk of stillbirth associated with heatwave exposure. 
Key words: Heatwave, stillbirth, Cox regression, effect modification, high temperature 
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5.1 INTRODUCTION  
Stillbirth, one of the most common adverse birth outcomes, has gathered increasing attention 
over recent years (Frøen et al., 2011; Goldenberg et al., 2011; Yakoob et al ., 2010). The 
definitions of stillbirth vary between countries. For international comparison, the definition of 
stillbirth recommended by the World Health Organization (WHO) is a baby born with no 
signs of life at or after 28 weeks' gestation. There were a total of 2.64 million (1.9%) 
stillbirths worldwide in 2009 (Cousens et al., 2011). Losing a baby is a devastating and tragic 
experience for a family, and it brings about a range of psychological and emotional problems, 
such as increased risk of postpartum psychiatric disorders (Giannandrea et al., 2013). 
Moreover, studies have found that women who have stillbirth in their previous pregnancy are 
more likely to experience stillbirth in their next pregnancy (Bhattacharya et al ., 2010). 
The plausible biological causes of stillbirth remain poorly understood. However, a variety of 
factors including maternal demographic characteristics such as advanced maternal age, 
socioeconomic factors, and environmental exposure, are associated with stillbirth (Flenady et 
al ., 2011; Gardosi et al ., 2013; Hwang et al ., 2011).  
As climate change progresses, heatwave, one of the major extreme weather events, has 
become more frequent and intense over most land areas during the last 50 years (IPCC, 2007). 
The health impacts of heatwave on morbidity and mortality, for example, have been assessed 
in many epidemiological studies (Anderson & Bell, 2011; Tong et al., 2010a; Tong et al., 
2010b; Ye et al., 2011). However, to date, limited studies have explored the influence of 
heatwave on birth outcomes (Schifano et al., 2013). 
Several studies have found associations between high temperature and adverse birth 
outcomes such as preterm birth (Basu et al., 2010; Dadvand et al., 2011), and low birth 
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weight (Deschenes et al., 2009), and in many cases the risk factors for preterm birth are also 
likely associated with stillbirth (Gravett et al., 2010), which raises the question whether high 
ambient temperature may also have adverse effects on stillbirth. 
To my knowledge, only one study, conducted in Brisbane, found that maternal exposure to 
higher temperature in the last four gestational weeks before delivery can result in the 
increased risk of stillbirth (Strand et al., 2012). However, whether maternal exposure to 
heatwave is a risk factor of stillbirth or not remains unknown. In this study, I examined the 
short-term effects of heatwave on stillbirth during the warm season in Brisbane, Australia, 
from 2000 to 2010. In addition, I also assessed effect modifications of maternal 
socio-demographic factors on the risk of stillbirth associated with heatwave and detected the 
potentially most vulnerable subgroups.     
5.2 MATERIALS AND METHODS  
5.2.1 Study population 
I obtained the registered records of all singleton births that occurred during 2000–2010 in the 
Brisbane Statistics Division (SD) area, Australia, from Queensland Health Statistics Centre. 
In Australia, stillbirth is defined as a fetal death prior to the complete expulsion or extraction 
from its mother of a product of 20 or more completed weeks of gestation or of 400 grams or 
more birth weight (Queensland Maternity and Neonatal Clinical Guidelines Program, 2011).  
Information on the following maternal and fetal characteristics of each birth was also 
retrieved from birth records: maternal age group (5-year intervals), Indigenous status, parity, 
gestation, marital status, postcode of residence, gender, and date of birth of the baby. Month 
and year of birth were extracted from baby’s date of birth. For missing values of birth data, I 
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used the random imputation as used in previous studies (Strand et al., 2012), which randomly 
imputed the missing values according to their marginal distribution because missing data on 
maternal Indigenous status and baby’s gender occurred. 
Considering the seasonality of birth, I only included births which occurred during the warm 
months (November, December, January, February, and March) in this study. Besides, most 
heatwave events occurred in these five months during the study period in Brisbane, Australia 
(Table 5.1). 
5.2.2 Environmental exposure 
Monitoring data on meteorological factors, which included daily ambient air pressures and 
daily maximum temperatures as well as daily relative humidity from eight stations between 
1999 and 2010, were obtained from the Australian Bureau of Meteorology. In this study, 
based on ambient temperature distribution in the Brisbane area during the study period, six 
heatwave definitions (HWD1–6) were used: daily maximum temperature exceeding the 90th 
or 95th percentiles and lasting for 2, 3, or 4 consecutive days (Table 5.1). Similar definitions 
were used in my previous work (Wang et al., 2013). 
As several studies have reported the associations between air pollutants and stillbirth (Faiz et 
al., 2012; Hwang et al., 2011), I acquired hourly data on ambient air pollutants from five 
monitoring stations in Brisbane between 1999 and 2010 from the Queensland Department of 
Environment and Resource Management (DERM). I calculated the 24-hour average levels 
first and then the weekly concentrations of nitrogen dioxide (NO2), ozone (O3), carbon 
monoxide (CO), and particulate matter with a diameter less than 10 μm (PM10). If hourly 
values of any air pollutants in any stations were missing, I performed data imputation using 
the records from other monitoring stations. 
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I obtained all environmental data from 1999-2010, one year prior to the beginning of the birth 
records, in order to evaluate the environmental exposure of pregnant women during their 
whole pregnancy. 
Data on the Social Economic Index for Areas (SEIFA) based on the 5-yearly census in 2001, 
2006, and 2011 were acquired from online resources (Australia Bureau of Statistics, 2007, 
2008, 2013). I used this area-based data to represent the maternal socioeconomic status 
because I could not obtain the relevant individual-level socioeconomic information for this 
study. Two indices of SEIFA data were used: the index of Relative Socio-Economic 
Disadvantage (IRSD) and the Index of Education and Occupation (IEO). I classified scores of 
IRSD and IEO into binary variables and defined Low IRSD and Low IEO as scores 
<25th percentiles of population distribution, separately. I linked SEIFA data to birth records 
by year and postcode of residence. 
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Table 5.1 Monthly distribution of heatwave by using different definitions during the warm season between 1999  
and 2010 in Brisbane, Australia 
HWDs Definitions 
  Months       Heatwave in the 
warm season / 
heatwave in total 
(%) November December January February March 
HWD1 Max T>90th percentiles,  2 days 17 58 102 78 26 281/289 (97.23) 
HWD2 Max T>90th percentiles,  3 days 6 37 72 57 18 190/193 (98.45) 
HWD3 Max T>90th percentiles,  4 days 5 28 45 42 9 129/129 (100.00) 
HWD4 Max T>95th percentiles, 2 days 6 37 40 29 3 115/120 (95.83) 
HWD5 Max T>95th percentiles, 3 days 0 21 23 16 0 60/60 (100.00) 
HWD6 Max T>95th percentiles, 4 days 0 10 10 11 0 31/31 (100.00) 
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5.2.3 Statistical analysis 
Stillbirth is the birth outcome of interest in this study. I treated gestational age as a 
time-to-event variable and fitted Cox proportional hazard regression models with 
time-dependent covariates, an extension of the standard Cox regression model, to examine 
the risk of stillbirth for women exposed to heatwave in the last gestational week before 
delivery. During the 10-month pregnancy, especially after 18 gestational weeks—the 
minimum gestation recorded in the birth cohort—a pregnant women could experience 
stillbirth (with censoring=1) in each gestational week (exposure interval used in this study) or 
keep pregnancy as well as having a live birth (with censoring=0).  
Time-dependent covariates refer to variables that may change their values over the whole 
observed period, such as variations of air pollution exposure over the whole pregnancy. In 
order to handle these kinds of covariates, I assumed that in each 1-week interval the weekly 
average concentrations of air pollutants and heatwave exposure, as well as levels of relative 
humidity and ambient air pressure, were constant in each interval. 
I adjusted for maternal and fetal characteristics and socioeconomic status, which included 
maternal age (<20, 20–34 and ≥35 years old), parity (primiparity/multiparity), maternal 
Indigenous status (yes/no), marital status (married/unmarried), babies’ gender (female/male), 
low IRSD (yes/no) and low IEO (yes/no). Considering that socioeconomic status and 
educational and occupational status are highly correlated, I entered IRSD and IEO into the 
model separately to avoid the collinearity problem. To control for seasonality and long-term 
trends of birth, I also added year and month of baby’s birth as dummy variables in the model. 
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Crude and adjusted hazard ratios (HRs) were estimated using Cox regression models. I fitted 
extended Cox regression models under different heatwave scenarios to detect the associations 
between stillbirth and heatwave with different intensities and durations. 
To examine the potential effect modifications by maternal characteristics and socioeconomic 
factors, I created relevant interaction terms (maternal age groups ×heatwave, Indigenous 
status ×heatwave, marital status×heatwave, parity×heatwave, baby’s gender ×heatwave, 
IRSD×heatwave and IEO×heatwave) and added them into the Cox regression model 
separately. Furthermore, I also divided the whole population of interest into different 
subgroups by maternal characteristics and socioeconomic status, and used the same model 
described above to estimate the effects of heatwave on stillbirth among different subgroups. 
Sensitivity analysis was conducted by using different heatwave definitions.  
The proportionality assumptions were checked for time-independent variables such as 
maternal characteristics and socioeconomic factors, and all the analyses were conducted 
using SAS 9.3 (SAS Institute Inc., Cary, NC, USA). 
5.3 RESULTS  
Table 5.1 shows the distributions of heatwave by using 6 definitions between 1999 and 2000 
in Brisbane. When using HWD1 to define heatwave, a total of 289 heatwaves happened 
during the study period, and heatwaves in warm seasons comprised 97.32 percent of all 
heatwave events. For HWD3, HWD5, and HWD6, all the heatwave events occurred in warm 
seasons, and the frequencies of heatwave by using HWD3, HWD5 and HWD6 were 129, 60 
and 31, respectively. 
A total of 1,684 stillbirths occurred in Brisbane, Australia, during 2000–2010. One stillbirth 
case was excluded as I could not obtain the information on gestational age. Table 5.2 shows 
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the maternal and fetal characteristics of births that occurred in warm seasons. There were 
112,896 singleton births, including 705 stillbirths, in the warm seasons during 2000–2010. 
The prevalence of stillbirth was 6.2 per 1,000 singleton births. Among stillbirths and live 
births, the majority of mothers were married and non-Indigenous. Over 70% of mothers were 
20–34 years old, and over 50% of babies were male. The proportions of stillbirths varied in 
different subgroups, and the chi-square tests showed that mothers aged <20 years old, 
unmarried mothers, and Indigenous mothers were more likely to experience stillbirth 
(P<0.05). The proportion of stillbirth for male babies was 6.7 per 1000 babies, which was 
significantly higher than the stillbirth rate for female babies (0.56%, P=0.009). 
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Table 5.2 Characteristics of stillbirths and live births that occurred in the warm season 
in Brisbane, Australia, 2000–2010 
Factors 
Stillbirths 
N (%) 
 Live births 
N (%) 
Proportions of 
stillbirth (%) P value 
Age group         
<20    53 (7.52) 5,698 (5.08) 0.92 
.0008*   20-34      511 (72.48) 85,115 (75.87) 0.6 
>34 141 (20) 21,378 (19.05) 0.66 
 
     Marital status 
    
Married/de facto  
married  566 (80.28) 96,800 (86.28) 0.58 
<.0001*  Unmarried  139 (19.72) 15,391 (13.72) 0. 90 
     Indigenous 
status 
                 
Indigenous 29 (4.11) 2,511 (2.24) 1.14 
0.0008* 
       
Non-Indigenous 676 (95.89) 109,680 (97.76) 0.61 
     Baby's gender 
    Male 399 (56.60) 57,947 (51.65) 0.67 
0.009* Female 306 (43.40) 54,244 (48.35) 0.56 
     Parity 
    primiparity 296 (41.99) 46,946 (41.84) 0.63 
0.94 multiparity 409 (58.01) 65,245 (58.16) 0.62 
     In total 705 112191 0.62   
P value: Chi-square test 
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Table 5.3 reveals the monthly average maximum temperature, relative humidity, ambient air 
pressure, and air pollutants in warm seasons. The monthly average maximum temperature 
ranged from 27.68 to 30.25 ℃. The monthly concentrations of air pollutants varied slightly in 
the warm season in Brisbane. 
Table 5.3 Monthly maximum temperature, relative humidity, air pressure, and 
concentrations of air pollutants in the warm season in Brisbane, Australia, 1999–2010 
Environmental factors 
          
November December January February March 
Meteorological 
factors           
Maximum temperature 
(℃) 27.68 29.38 30.25 29.75 28.73 
Relative humidity (%) 56.19 58.32 58.16 60.15 58.21 
Air pressure (kPa) 1013.57 1011.18 1010.57 1011.37 1013.79 
Air pollutants 
     PM10 (μg/m3) 19.19 19.49 18.24 18.26 17.41 
CO (ppm) 0.48 0.44 0.47 0.54 0.5 
O3 (ppm) 0.02 0.018 0.015 0.014 0.014 
NO2 (ppm) 0.005 0.004 0.004 0.005 0.006 
 
Table 5.4 shows the hazard ratios (HRs) and 95% confidence intervals (95% CIs) of stillbirth 
for maternal and fetal socio-demographic characteristics. All factors except parity were 
significantly associated with stillbirth. The hazard ratio of stillbirth for Indigenous mothers 
was 1.62 (95% CI: 1.11–2.37). Compared with women of 20–34 years and married women, 
there were significantly increased risks of stillbirth for mothers aged <20 (HR: 1.53; 95% CI: 
1.13–2.07), and unmarried women (HR: 1.43, 95% CI: 1.16–1.77). The hazard ratios of low 
socioeconomic status and educational and occupational status were 1.32 (95% CI: 1.12–1.55) 
and 1.37 (95% CI: 1.11–1.68), respectively. 
 
 
141 
 
Table 5.4 Hazard ratios (HR, 95% CI) of stillbirth associated with  
 different maternal socio-demographic characteristics 
Maternal and fetal factors HR (95% CI) 
age group 
 <20    1.53 (1.13-2.07) 
20-34      Reference 
>34 1.14 (0.94-1.38) 
Marital status 
 Married/de facto married  Reference 
Unmarried  1.43 (1.16-1.77) 
Indigenous status 
 Non-Indigenous Reference 
Indigenous 1.62 (1.11-2.37) 
Baby's gender 
 Male Reference 
Female 0.82 (0.70-0.95) 
Parity 
 primiparity Reference 
multiparity 1.09 (0.94-1.28) 
Social-economic status 
 Normal to high Reference 
Low (<25% percentiles) 1.32 (1.12-1.55) 
Education and occupation 
status 
 Normal to high Reference 
Low (<25% percentiles) 1.37 (1.11-1.68) 
Abbreviation: 95% CI: 95% confidence interval 
 
Table 5.5 presents the crude and adjusted hazard of stillbirth associated with heatwave under 
different definitions in the last gestational week before delivery during the warm seasons in 
Brisbane, Australia. 
In unadjusted analyses, heatwave exposure in the last gestational week before delivery was 
significantly associated with the increased risk of stillbirth for all heatwave definitions used 
in this study, and the hazard ratios ranged from 1.34 (95% CI:1.05–1.73) to 1.51 (95% 
CI:1.28–1.77). After adjusting for maternal and fetal characteristics, socioeconomic status, 
metrological factors, and air pollutants, the hazard ratios of stillbirth increased with the 
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maternal heatwave exposure by using most heatwave definitions, and the adjusted hazard 
ratios of stillbirth estimated using a model adjusted for all confounders and effect modifiers 
ranged from 1.21 (95% CI: 0.98–1.50) to 1.42 (95% CI: 1.16–1.73), but for HWD3 and 
HWD5, the adjusted hazard ratios were not statistically significant. 
Table 5.5 Crude and adjusted hazard ratios (HR, 95% CI) of stillbirth associated with  
maternal heatwave exposure in the last gestational week before delivery during the  
warm season in Brisbane, Australia, 2000–2010 
HWDs 
Model 1* Model 2* 
Crude HR (95% CI) Adjusted HR (95% CI) 
HWD1 1.46 (1.26-1.70) 1.42 (1.16-1.73) 
HWD2 1.51 (1.28-1.77) 1.38 (1.12-1.69) 
HWD3 1.47 (1.22-1.76) 1.21 (0.98-1.50) 
HWD4 1.38 (1.16-1.63) 1.31 (1.06-1.61) 
HWD5 1.43 (1.17-1.74) 1.24 (0.98-1.56) 
HWD6 1.34 (1.05-1.73) 1.31 (1.01-1.73) 
Abbreviation: 95% CI: 95% confidence interval  
Model 1: Unadjusted model 
Model 2: Adjusted for maternal characteristics, socioeconomic status, relative humidity, air 
pressure and air pollutants 
 
Table 5.6 Interactive effects of maternal and fetal characteristics and  
heatwave using HWD1 
Interactive variables Hazard ratio (95% CI) P value 
Maternal age × heatwave 1.15 (1.02-1.30) 0.019 
Indigenous status × heatwave 1.56 (1.28-1.91) <0.001 
Marital status × heatwave 0.97 (0.80-1.18) 0.107 
Parity × heatwave 0.90 (0.67-1.22) 0.507 
Gender × heatwave 1.25 (1.09-1.43) 0.002 
Economic status × heatwave 1.15 (1.02-1.29) 0.018 
Educational status × heatwave 0.95 (0.63-1.42) 0.784 
 
Analyses of modification effects of socio-demographic factors on the association between 
heatwave and stillbirth show that the interactions between heatwave and maternal age 
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(P=0.019), Indigenous status (P<0.001), baby’s gender (P=0.002), as well as economic status 
(P=0.018) were statistically significant. However, the interactions between heatwave and 
parity (P=0.507), marital status (P=0.107), and low educational status (P=0.784), were not 
statistically significant (Table 5.6).  
Figure 5.1 demonstrates the comparison of hazard ratios and 95% confidence intervals of 
stillbirth among different socio-demographic subgroups exposed to heatwave (HWD1) in the 
last gestational weeks. The hazard ratio of stillbirth associated with heatwave for women 
younger than 20 were 3.16 (95% CI: 1.55–6.40), which was dramatically higher than the 
hazard ratios of stillbirth among the other two age groups. A non-significantly higher risk of 
stillbirth (HR: 2.42, 95% CI: 0.91–5.89) was found among Indigenous women who were 
exposed to heatwave compared with non-Indigenous women (HR: 1.47, 95% CI: 1.22–1.79). 
Compared with mothers who delivered female babies, the risk of stillbirth associated with 
heatwave among mothers who delivered male babies increased from 1.24 (95% CI: 0.93–1.65) 
to 1.74 (95% CI: 1.36–2.24). Mothers with lower economic status were more likely to be 
affected by heatwave exposure and further, to have increased risk of stillbirth (HR: 1.54, 95% 
CI: 1.23–1.94). In addition, unmarried mothers had a greater increased risk (HR: 1.82, 95% 
CI: 1.19–2.77) than married mothers (HR: 1.43, 95% CI: 1.16–1.77), but the analyses of 
interaction shows that the differences were not statistically significant (P=0.107). 
I conducted sensitivity analyses by using HWD4 and found similar results in different 
socio-demographic subgroups (Table S5.1).  
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Figure 5.1 Hazard ratios (95% CI) of stillbirth associated with heatwave (HWD1) 
exposure in different subgroups between 2000 and 2010 in Brisbane, Australia 
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5.4 DISCUSSION 
In this study, I found statistically significant higher risks of stillbirth among pregnant women 
who were exposed to heatwave, compared with those who were not during their last 
gestational weeks. I observed statistically significant effect modification of maternal age, 
Indigenous status, baby’s gender, as well as economic status on the association between 
heatwave and stillbirth. Furthermore, the analyses in different subgroups reveal that women 
younger than 20 years old, Indigenous women and women with low economic status were 
more likely to have stillbirth when exposed to heatwave. 
To my knowledge, only one previous study examined the association between ambient 
temperature and stillbirth (Strand et al., 2012). In that study, the authors chose 21℃ as the reference temperature, and used survival analysis to examine the effects of ambient 
average temperature on stillbirth. They found that higher temperature in the last 4-week 
temperature exposure was associated with the increased risk of stillbirth. The findings of my 
study are consistent with that study, and further suggest the acute effects of maternal 
exposure to heatwave on stillbirth. 
The comparison of hazard ratios of stillbirth retrieved from models under different heatwave 
definitions depicts that no increased trend was observed with the more stringent heatwave 
definitions, which is inconsistent with the findings of several studies which showed that the 
characteristics of heatwave such as longer duration and higher cut-off temperatures increases 
the health risk (Anderson & Bell, 2009; Anderson & Bell, 2011). On the contrary, when 
using the 90th percentile as the cut-off temperature, there is a declining trend with the longer 
durations of heatwave exposure. A similar pattern of hazard ratio variations resulting from 
using different heatwave definitions was observed in the previous study on heatwave and 
spontaneous preterm birth (Wang et al., 2013). Strand et al. (2012) also mentioned that in 
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Brisbane, they did not observe an increased risk of stillbirth at the highest temperatures, and 
this phenomenon could be explained by the fact that more precautions might be taken by 
pregnant women in Brisbane during extremely hot days. Studies on time-activity patterns of 
pregnant women reported that in late pregnancy, women tended to spend more time at home 
(Borodulin et al., 2009; Nethery et al., 2008). As a consequence, one plausible explanation for 
the decreased trend is that pregnant women in the late gestation might change their 
time-activity patterns, especially when a prolonged and intense heatwave occurs, in order to 
protect themselves and babies from heatwave effects. In addition, air-conditioning or fan use 
could also lessen heatwave exposure.  
In this study, there were significant effect modifications of Indigenous status, maternal age, 
baby’s gender, and maternal economic status on the association between heatwave and 
stillbirth. For instance, heatwave exposure among mothers younger than 20 years old could 
result in higher risks of stillbirth compared with mothers aged 20–34 years old. These 
findings are consistent with a previous study on the relationship between high temperature 
and preterm birth (Basu et al., 2010). In that study (Basu et al., 2010), a higher risk of preterm 
birth was found among mothers aged <20 years old when the whole population was divided 
into different subgroups according to maternal characteristics. The risk of stillbirth associated 
with heatwave exposure was higher for Indigenous mothers and mothers with low maternal 
economic status. Racial disparities in stillbirth risk have been reported in previous studies 
(Villadsen et al., 2009; Willinger et al., 2009), and maternal economic status has also been 
identified as one of the major risk factors of stillbirth even in high-income countries such as 
Australia (Flenady et al., 2011; Mohsin M, 2006). In addition, people with low economic 
status are more likely to be exposed to adverse environmental factors such as air pollution or 
heatwave due to their poor living conditions (Woodruff et al., 2009). In Australia, one in four 
Indigenous people lives in remote or very remote regions (Anderson et al., 2006), and 
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compared with Non-Indigenous people, Indigenous people have poor access to antenatal care 
(Flenady et al., 2011). Furthermore, a study in Australia found that people with low 
socioeconomic status are less likely to have good adaptive behaviours during a heatwave 
(Akompab et al., 2013). 
A biological mechanism by which high temperature or heatwave may result in or trigger 
stillbirth is not clear. As fetal thermoregulation is immature and primarily dependent on 
maternal temperature, heat produced by the fetus could transfer to the mother to maintain the 
balance of fetal heat production and loss (Asakura, 2004; Edwards et al., 2003). When this 
heat transfer is obstructed for any reason, such as maternal hyperthermia or maternal heat 
stress, the uterine, uteroplacental, and umbilical blood flow might be reduced, and result in 
fetal hypoxia, which further increases the risk of foetal growth retardation, abortion, or 
stillbirth (Asakura, 2004; Edwards, 2006; Edwards et al., 2003). In addition, several animal 
studies have found that hot environmental exposure could give rise to placental growth 
restriction and intrauterine fetal growth retardation (IUGR) of sheep and rats (Hirobumi et al., 
2002; McCrabb et al., 1996). Epidemiological studies have identified IUGR as one of the 
major risk factors of stillbirth (Gardosi et al., 2013; Smith et al., 2004). 
This study has several strengths. First, to my knowledge, this is the first study to explore the 
association between short-term exposure to heatwave and stillbirth. Second, I used survival 
analysis in this study, which is recommended by previous studies on birth effects of 
environmental factors (Chang et al., 2012; Lepeule et al., 2006; Son et al., 2010; Strand et al., 
2012). The extended Cox regression model allowed us to estimate the time-independent risk 
factors and time-dependent environmental factors simultaneously, and it is also applicable to 
examining the joint estimation of the main effects and effect modification (Peters et al., 2006). 
Third, effect modifications of socio-demographic factors on the association between 
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heatwave and stillbirth were examined in this study and I found that in Brisbane, women 
younger than 20 years old, Indigenous women, and women with low economic status were 
the most vulnerable subgroups to heatwave exposure. Finally, the key findings from this 
study may have direct public health policy implications. 
Several limitations should also be acknowledged. First, I could not control for some potential 
confounders such as smoking or alcohol intake of pregnant women as these data were 
unavailable (Gardosi et al., 2013). Second, using the monitoring environmental data as well 
as lacking information on maternal time-activity patterns or air-conditioning use could result 
in exposure errors; however, this kind of exposure error for all subjects was not likely to be 
differential, and therefore it resulted in underestimating the hazard ratios of stillbirth 
associated with heatwave exposure. In addition, misclassification bias occurred as I used 
area-based SEIFA data to represent the maternal socioeconomic status and educational level. 
Besides, the SEIFA data used in this study were retrieved from different census years, and the 
method used to calculate the indices might have changed (Pink, 2013). Caution is needed in 
the interpretation of these findings. Finally, stillbirth is a rare event. In analyses of subgroups, 
the confidence intervals of risks of stillbirth among women younger than 20 and Indigenous 
women were very wide. Therefore, further research is warranted to confirm the effect 
modifications of these maternal demographic factors on associations between heatwave and 
stillbirth. 
5.5 CONCLUSION  
In summary, I found an increased risk of stillbirth associated with maternal exposure to 
heatwave in the last gestational week before delivery. Effect modifications of maternal age, 
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Indigenous status, socioeconomic status, and baby’s gender on the relationship between 
heatwave and stillbirth were also found in this study.  
The findings in this study may have significant public health implications. First, these results 
suggest that preventive activities, such as staying at home during heatwave days, having cool 
showers, and using air conditioning or fans should be undertaken by pregnant women to 
reduce heat exposure, especially in late pregnancy. Second, there was no clear dose-response 
relationship between stillbirth and severity of heatwave: this implies that low-grade 
heatwaves may also result in serious birth-related consequences because they are unlikely to 
be recognised as dangerous by pregnant women. Third, findings in this study also provide 
some evidence for the most susceptible subgroups, and further guide appropriate allocations 
of public resources and health resources. 
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Chapter 6 Exposure to heatwave during 
pregnancy and adverse birth outcomes: an 
exploration of susceptible windows 
 
ABSTRACT 
 
Background: Several studies have investigated the acute effects of high ambient temperature 
or extreme weather on birth outcomes. However, little is known about whether there are any 
particular periods during which high ambient temperature or heatwave exposure is mostly 
harmful to fetal growth. 
Objectives: To examine the effects of heatwave exposure in different gestational months on 
the risk of preterm birth and stillbirth. 
Methods: Based on all singleton birth records between 2000 and 2010 and the corresponding 
environmental data in Brisbane, Australia, I explored the relationship between heatwave 
exposure in different months of pregnancy and preterm birth or stillbirth using extended Cox 
proportional hazards regression models. Six heatwave definitions were used in this study.  
Results: For most heatwave definitions, the adjusted hazard ratios of preterm birth varied by 
gestational months, and ranged from 1.08 (95% CI: 1.00–1.18) to 1.53 (95% CI: 1.41–1.68). 
Heatwave exposure in early pregnancy was more likely to increase the risk of stillbirth 
compared with heatwave exposure in late pregnancy. 
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Conclusion: Overall, exposure to heatwave during pregnancy appeared to increase the risk of 
preterm birth, but there was no specifically apparent high susceptibility window for preterm 
birth during different periods of pregnancy. However, earlier gestational months seemed to be 
a key exposure window for stillbirth in relation to heatwave exposure.  
Key words: Heatwave, preterm birth, stillbirth, susceptible period, Cox regression 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
159 
 
6.1 INTRODUCTION  
There is a growing body of epidemiological evidence which shows that higher ambient 
temperature could increase the risk of adverse birth outcomes such as preterm birth and 
stillbirth (Basu et al., 2010; Dadvand et al., 2011; Schifano et al., 2013; Strand et al., 2012). 
Most studies (Basu et al., 2010; Dadvand et al., 2011; Schifano et al., 2013; Yackerson et al., 
2008) have focused on evaluating the short-term effects of ambient temperature on preterm 
birth and stillbirth because they only considered the effects of temperature increase or 
extreme heat exposure on the day of delivery, or during the few days or weeks before 
delivery. For example, Basu et al. (2010) conducted a time-stratified case-crossover study in 
California and estimated the strength of the association between preterm delivery and 
temperature exposure for up to 1 week before delivery. The study found that with an increase 
of 5.6 °C in weekly average apparent temperature, the risk of preterm birth increased by 8.6% 
(95% CI: 6.0% – 11.3%). However, from conception to delivery, a pregnant woman has 
approximately nine months to be exposed to ambient temperature or heatwave. Therefore, it 
would be important to know whether, in addition to short-term effects, heat exposure at other 
times during pregnancy can also play an important role in the occurrence of adverse birth 
outcomes.  
An animal study reported that heat stress during the early pregnancy could be associated with 
a higher rate of early fetal loss in high-producing dairy cows (García-Ispierto et al., 2006). 
McCrabb et al. (1993) found that heat stress during mid-pregnancy could affect the placental 
and fetal growth of sheep. Strand et al. (2012) also found a greater risk of stillbirth in early 
gestation, and concluded that in future studies, longer periods, in addition to the last week of 
pregnancy alone, should be considered in the investigation of the birth-related effects of 
ambient temperature. 
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Furthermore, if a long-term effect indeed occurs, the question is whether there are any 
susceptible periods during pregnancy when high ambient temperature or heatwave exposure 
is particularly harmful to fetal development. As the plausible biological mechanisms by 
which ambient temperature or heatwave can affect birth outcomes are not well-established, 
an identification of susceptible exposure windows during pregnancy can shed a light on this 
issue. In addition, from a public health perspective, evaluating windows of susceptibility will 
also provide further information for maternal and fetal health care. 
Therefore, in this study, a retrospective study was conducted in Brisbane in which I addressed 
the effects of heatwave exposure in each month of pregnancy on the risk of preterm birth and 
stillbirth.  
6.2 MATERIALS AND METHODS  
6.2.1 Birth records and socioeconomic data 
I obtained data on all singleton births during 2000–2010 in Brisbane, Australia, from the Data 
Collection Unit (DCU) of Queensland Health. In Queensland, all live births and stillbirths 
delivered after 19 gestational weeks and/or at least 400 grams in weight are required to be 
recorded by all public hospitals, private hospitals, medical practitioners, or private midwives 
who deliver babies outside hospitals. I retrieved information on residential postcode, maternal 
age, marital status, Indigenous status, parity, date of birth, onset of delivery, birth outcomes, 
baby’s gender, and gestational age from records. Date of conception was calculated by using 
baby’s gestational age and date of birth. After excluding 16 births without information on 
gestational ages, a total of 277,133 singleton births were included in this study. According to 
the WHO, preterm birth is defined as a live birth before 37 weeks gestational age. Only 
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spontaneous live births were included in this study when investigating the relationship 
between heatwave exposure and preterm birth. The definitions of stillbirth vary in different 
countries. In Australia, stillbirth is defined as a fetal death after 20 weeks gestational age or 
with at least 400-gram birth weight. 
I also obtained data on the index of Relative Socio-Economic Disadvantage (IRSD), one of 
the key indices of the Social Economic Index for Areas (SEIFA) that was released by 
Australian Bureau of Statistics (ABS), to estimate the maternal socioeconomic status. Studies 
(Kramer et al., 2000; Petersen et al., 2009) have identified disadvantaged socioeconomic 
status as one of key risk factors of adverse birth outcomes. I defined disadvantaged 
socioeconomic status as scores of IRSD <25th percentile of population distribution during the 
study period. 
The SEIFA data were linked to the birth records by year and by mothers’ residential 
postcode. 
6.2.2 Meteorological and air pollution data 
I retrieved monitoring data on meteorological factors, which included daily maximum 
temperature, relative humidity, and ambient air pressures between 1999 and 2010 in Brisbane 
from the Australia Bureau of Meteorology. Six heatwave definitions (HWD1–HWD6) were 
used in this study by combining 90th or 95th percentiles of maximum temperatures during the 
study period and different durations (2, 3, or 4 days). The data on hourly concentrations of 
nitrogen dioxide (NO2), ozone (O3), carbon monoxide (CO), sulphur dioxide (SO2), and 
particulate matter with a diameter less than 10 μm (PM10) were obtained from Queensland 
Department of Environment and Resource Management. Daily 24-hour average 
concentrations of air pollutants were calculated from the hourly data. 
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Maternal heatwave exposure in each month was assigned as a dichotomous variable (yes/no). 
Average levels of relative humidity, ambient air pressures, and average concentrations of air 
pollutants in each month were also calculated. 
6.2.3 Statistical analysis 
Cox proportional hazard regression models were fitted in this study to explore associations 
between heatwave exposure in each gestational month and adverse birth outcomes after 
adjustment for confounders. An important assumption of typical Cox regression is that the 
hazard ratios for a given variable should be independent of time. However, in this study 
environmental exposure such as heatwave, air pollutants, and birth outcomes are 
time-dependent variables; and for a time-dependent covariate, its hazard rate is no longer 
proportional. Thus, an extended Cox regression with time-dependent variables was used, 
which allows non-proportional hazards. For each birth outcome and heatwave exposure in 
each gestational month, I fitted Cox regression models with time-dependent covariates 
separately: 
ℎ�𝑡,𝑋𝐼,𝑋𝑖 (𝑡)� = ℎ0(𝑡)exp [𝛽𝐼𝑋𝐼 + 𝛽𝑑𝑋𝑖(𝑡)] 
Where ℎ0(𝑡)  represents the baseline hazard function; 𝑋𝐼  refers to time-independent 
variables which included maternal age, marital status, Indigenous status, parity, 
socioeconomic status, and baby’s gender;  𝛽𝐼  represents the regression coefficients of 
time-independent variables;  𝑋𝑖(𝑡) are the vectors of the time-dependent variables in this 
study (heatwave exposure, relative humidity, ambient air pressure, and concentrations of air 
pollutants); 𝑎𝑛𝑑 𝛽𝑑  refers to the coefficients for time-dependent variables. Six dummy 
variables were created according to maternal and fetal characteristics, as well as 
socioeconomic status: maternal age (<20 years old, 20–34 years old and ≥35 years old); 
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marital status (married/unmarried); Indigenous status (yes/no); parity (primiparity/ 
multiparity); baby’s gender (male/female) and disadvantaged socioeconomic status (yes/ no). 
I also adjusted for air pollutants in my study by using a multi-pollutants model. 
In order to control for the seasonal variations of ambient temperature and long-term trend, I 
only investigated the effects of heatwave exposure during warm seasons on preterm birth and 
stillbirth. In addition, dummy variables “year” and “month” were also added into models. 
When exploring the effects of heatwave exposure in a certain month of pregnancy, I also 
excluded births delivered before that month. 
One pregnant woman might experience both heatwave and cold exposure because an entire 
pregnancy covers 9–10 months. For instance, in the case of a preterm birth when the mother 
experienced heatwave during early pregnancy and cold exposure during the late pregnancy, it 
would be hard to distinguish if the preterm birth can be attributed to an acute effect of cold or 
heatwave exposure. Therefore, as heatwave exposure is the main environmental factor of 
interest, I also controlled for exposure to cold effects in this analysis. I defined cold as a daily 
maximum temperature less than the 10th percentile of temperature distribution during the 
study period and created a binary variable “cold” to control for its potential confounding 
effects.  
6.3 RESULTS  
There were 277,133 singleton births including 17,368 preterm births and 1,684 stillbirths 
during the study period in Brisbane (Table 6.1). Among them, 142,648 (51.5%) were males 
and 134,485 (48.5%) were females. The prevalence of stillbirth was 0.61%, and the 
proportion of spontaneous preterm birth was 6.41%. The majority of mothers in this cohort 
were non-Indigenous (97.8%) and married (86.6%). The proportions of stillbirth and 
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spontaneous preterm birth were significantly different among different subgroups according 
to maternal and fetal characteristics. The rates of stillbirth and spontaneous preterm birth 
among Indigenous women were significantly higher than non-Indigenous mothers (0.88%vs. 
0.60%, P=0.006; 9.71% vs. 6.32%, P<0.0001). Compared respectively with mothers aged 
20–34 years, married women, female babies, and multipara, mothers younger than 20 or older 
than 34, unmarried women, male babies and primipara were more likely to experience 
stillbirth and preterm birth. For example, the proportions of preterm birth for women between 
20 and 34 years old was 5.69%; but for women younger than 20 and older than 34, the rate of 
preterm birth was 6.76%, respectively (P<0.001).  
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Table 6.1 Characteristics of the birth cohort in Brisbane, Australia (2000–2010) 
Demographic  
factors 
All births   Spontaneous births   
All births 
N (%) 
Stillbirths 
N (%) 
 Live 
births 
Proportions 
of 
stillbirth 
(‰) P value 
Spontaneous 
births 
Full-ter
m births 
Preterm 
births 
N (%)  
Proportions 
of preterm 
birth  
(%) P value 
Indigenous 
status 
          Indigenous 6,029 (2.2) 53 (3.1) 5,976 8.79 
0.006* 
3,965 3,580 385 (3.9) 9.71 
<.0001* Non-Indigenous 271,104 (97.8) 1,630 (96.9) 269,474 6.01 150,805 141,269 9,536 (96.1) 6.32 
Age group 
          <20    13653 (4.9) 116 (6.9) 13,537 8.50 
<.0001* 
9,641 8,970 671 (6.8) 6.76 
<.0001* 
  20-34      210,031 (75.8) 1,195 (71.0) 208,836 5.69 120,864 113,446 7,418 (74.8) 6.14 
>34 53,449 (19.3) 372 (22.1) 53,077 6.96 24,265 22,433 1,832 (18.4) 7.55 
Marital status 
          Unmarried  37,075 (13.4) 322 (19.1) 36,753 8.69 
<.0001* 
23,487 21,667 1,820 (18.3) 7.75 
<.0001* Married  240058 (86.6) 1,361 (80.9) 238,697 5.67 131,283 123,182 8,101 (81.7) 6.17 
Baby's gender 
          Male 142,648 (51.5) 920 (54.7) 141,728 6.45 
0.009* 
79,519 73,974 5,545 (55.9) 6.97 
<.0001* Female 134,485 (48.5) 763 (45.3) 133,722 5.67 75,251 70,875 4,376 (44.1) 5.82 
Parity 
          primiparity 115,701 (41.7) 727 (43.2) 114,974 6.28 
0.002* 
66,010 61,525 4,485 (45.2) 6.79 
<.0001* multiparity 161,432 (58.3) 956 (56.8) 160,476 5.92 88,760 83,324 5,436 (54.8) 6.12 
 
In total  277,133 1,683 275,450 6.07   154,770 144,849 9,921 6.41   
P value: Chi-Square tests 
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Figure 6.1 shows the frequencies of preterm birth in different gestational weeks. Among the 
9,921 spontaneous preterm births, over 90% of them (9,150) occurred after 28 gestational 
weeks. The proportions of stillbirth varied in different gestational weeks, with higher 
proportions of stillbirth occurring during early pregnancy, while the proportions of full-term 
(>37 gestational weeks) stillbirth were lower than 1/1000 births except in 45 gestational week 
(Figure 6. 2). 
Normality tests of all environmental factors reveal that all meteorological factors and air 
pollutants are skewed distributions. Table 6.2 shows the differences of these factors in warm 
seasons and other seasons. Daily maximum temperatures ranged from 20.4 °C to 40.2 °C in 
warm seasons and from 13.58 °C to 36.67 °C in other seasons. The median values of 
maximum temperatures in warm seasons and other seasons were 29.08 and 22.05 respectively. 
The concentrations of PM10 which ranged from 3.17 to 965.89μg/m3 showed much larger 
variability in other seasons than in warm seasons due to the dust storm that happened at the 
end of September in 2009. In warm seasons, the medians of daily concentrations of SO2, O3, 
and NO2 were 0.002 ppm, 0.016 ppm and 0.004 ppm respectively. 
Table 6.3 shows Spearman correlations of all environmental factors. A negatively moderate 
correlation (r=–0.59) was observed between daily air pressure and maximum temperature. 
The daily concentrations of NO2 and CO were moderately correlated (r=0.53), but the 
correlations between the other air pollutant were weak.  
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Figure 6.1 Spontaneous preterm birth in different gestational weeks in the birth cohort 
in Brisbane, Australia, 2000–2010 
 
 
Figure 6.2 Proportions of stillbirth in different gestational weeks in the birth cohort in 
Brisbane, Australia, 2000–2010 
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Table 6.2 Distribution of meteorological factors and ambient air pollutants in different seasons between 1999 and 2010 in  
 Brisbane, Australia 
Environmental 
factors 
 Warm season   Other season 
Minimum Q1 Median Q3 Maximum 
 
Minimum Q1 Median Q3 Maximum 
Meteorological factors 
          Maximum 
temperature (℃) 20.4 27.5 29.08 30.75 40.2 
 
13.58 22.05 24.12 26.35 36.67 
Relative humidity (%) 12.83 51.2 56.67 63.83 95.83 
 
9.67 40.17 50.23 58.82 97 
Air pressure (kPa) 993.84 1009.14 1012.3 1015.43 1025.46 
 
996.44 1013.88 1017.24 1020.48 1030.8 
Air pollutants 
           PM10 (μg/m3) 4.63 14.58 17.75 21.16 81.31 
 
3.17 13.71 17.49 22.39 965.89 
CO (ppm) 0.004 0.233 0.446 0.676 1.915 
 
0.004 0.296 0.563 0.887 3.483 
SO2 (ppm) 0 0.001 0.002 0.003 0.015 
 
0 0.002 0.002 0.003 0.014 
O3 (ppm) 0.003 0.012 0.016 0.026 0.043 
 
0.002 0.012 0.016 0.02 0.034 
NO2 (ppm) 0 0.003 0.004 0.006 0.025   0 0.006 0.009 0.012 0.025 
 
169 
 
Table 6.3 Spearman correlation coefficients for daily maximum temperature and other environmental factors 
Factors  Maximum temperature Relative humidity Air pressure  SO2  O3  PM10  CO 
Relative humidity  0.09       
Air pressure  -0.59 -0.05      
SO2  0.08 -0.16 -0.05     
O3  0.15 -0.24 -0.16 0.06    
PM10  0.24 -0.22 -0.06 0.23 0.13   
CO -0.09 -0.05 0.1 0.08 -0.33   
NO2 -0.5 -0.27 0.36 0.17 -0.3 0.23 0.53 
170 
 
Figure 6.3 presents the adjusted hazards ratios (HRs) of spontaneous preterm birth associated 
with maternal heatwave exposure in each gestational month by using different heatwave 
definitions. Overall, I observed positive relationships between preterm birth and heatwave 
exposure in all gestational months for most heatwave definitions, while the hazard ratios of 
preterm birth increase slightly but fluctuate moderately across different months. For instance, 
using HWD1, the adjusted hazard ratios of preterm birth vary in different gestational months 
with the highest hazard ratio in the 2nd gestational month (HR: 1.42; 95% CI: 1.29–1.56) and 
the lowest hazard ratio in the 7th gestational month (HR: 1.09; 95% CI: 0.99–1.20). 
Figure 6.4 reveals the adjusted HRs of stillbirth associated with maternal heatwave exposure 
in each gestational month by different heatwave definitions. For most heatwave definitions, 
heatwave exposure in earlier gestational months, which was between months 1–6, was 
associated with higher risk of stillbirth compared with heatwave exposure in the later months. 
The risks of stillbirth fell considerably in the 7th month compared with the 6th month and 
increased moderately in the 8th month. After the 8th month, non-significant HRs of stillbirth 
were found in the last two gestational months for all heatwave definitions. Meanwhile, 
declined trends were also observed for heatwave exposure in the 9th and 10th gestational 
months. For instance, based on HWD2, significant hazard ratios of stillbirth were found for 
heatwave exposure between the 1st—6th gestational months, which ranged from 1.54 (95% 
CI: 1.27–1.87) to 1.75 (95% CI: 1.44–2.12). The hazard ratios of stillbirth decreased from 
1.60 (95% CI: 1.29–1.99) in the 6th month to 0.97 (95% CI: 0.74–1.27) in the 7th gestational 
month, increased to 1.46 (95% CI: 1.09–1.96) in the 8th month, and then decline steadily in 
the last two gestational months. For HWD6, the highest risk of stillbirth occurred in the 8th 
gestational month (HR: 1.52; 95% CI: 1.11-2.09). 
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Figure 6.3 Hazard ratios of spontaneous preterm birth associated with heatwave 
exposure in different gestational months in Brisbane, Australia (HWD1–HWD6) 
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Figure 6.4 Hazard ratios of stillbirth associated with heatwave exposure 
in different gestational months in Brisbane, Australia (HWD1–HWD6) 
1.26 1.34 1.20 
1.45 1.49 
1.13 1.04 
1.30 
1.11 
0.71 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
1 2 3 4 5 6 7 8 9 10
Hazard ratios
LowerCI
UpperCI
H
az
ar
d 
ra
tio
s a
nd
 9
5%
 C
I 
Months during pregnancy (HWD4) 
1.25 1.16 1.14 
1.34 1.32 
1.08 
1.19 
1.35 
1.06 
0.72 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
1 2 3 4 5 6 7 8 9 10
Hazard ratios
LowerCI
UpperCI
H
az
ar
d 
ra
tio
s a
nd
 9
5%
 C
I 
Months during pregnancy (HWD5) 
1.22 1.14 1.23 1.15 
1.26 1.19 
1.33 
1.52 
1.23 
0.58 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
1 2 3 4 5 6 7 8 9 10
Hazard ratios
LowerCI
UpperCI
H
az
ar
d 
ra
tio
s a
nd
 9
5%
 C
I 
Months during pregnancy (HWD6) 
175 
 
6.4 DISCUSSION 
In this study, I assessed the associations between maternal heatwave exposure in different 
gestational months and preterm birth as well as stillbirth using Cox regression models with 
time-dependent covariates. The multivariable analyses suggested that, in general, maternal 
heatwave exposure in any gestational month could increase the risk of preterm birth based on 
most heatwave definitions, although the estimates of hazard ratios varied moderately across 
different gestational months. However, I could not find any period during which pregnant 
women or fetuses were particularly vulnerable to heatwave. By contrast, I found that the risk 
for stillbirth tended to increase with the heatwave exposure in the first 6 gestational months, 
(except when using HWD6), which suggests that early pregnancy before 28 gestational 
weeks seems to be a critical period for the impact of heatwave on stillbirth.  
For HWD6, the results show that the highest risk of stillbirth related to heatwave occurred in 
the 8th gestational month. However, as I could not find the similar pattern by using other 
HWDs, this result may be only caused by chance; and I could not draw the conclusion that 
the 8th gestational month is also a key susceptible window for heatwave, further studies 
should be done to confirm this finding. 
Only one epidemiological study has examined the association between ambient temperature 
and stillbirth (Strand et al., 2012). In that study, in earlier gestational weeks, a greater risk of 
stillbirth was observed. Compared with the last week’s exposure, the last 4-week exposure to 
higher temperature increased the risk of stillbirth. The study also suggested that longer 
periods should be considered in addition to acute exposure when studying the 
temperature-related birth effects. The main findings on heatwave and stillbirth in my study 
also support this notion.  
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Several animal studies have explored the biological pathways about how short-term heatwave 
exposure induces preterm birth (Beere & Green, 2001; Dreiling et al., 1991; Fukushima et al., 
2005). Dreiling et al. (1991) conducted an animal study on heatwave stress and maternal and 
fetal metabolic responses and found that heat stress could stimulate two kinds of hormones, 
oxytocin (OT) and antidiuretic hormone (ADH), which further reduce uterine blood flow and 
then induces preterm birth.  
There are a few biological mechanisms which support the potential effects of heatwave 
exposure in the early and mid-pregnancy on preterm birth or stillbirth. One study observed 
that higher temperature and humidity in early pregnancy might have a detrimental effect on 
placental vascular development and spiral artery remodelling which might result in 
pre-eclampsia and eclampsia (Smith et al., 2002; Tam et al., 2008). In addition, studies also 
found that in women having preterm birth and pre-eclampsia, a serum heat-shock protein 
(HSP70), which reflects oxidative stress of the body, increased dramatically compared with 
women with normal birth (Fukushima et al., 2005; Molvarec et al., 2009). Furthermore, one 
prospective cohort study found that placental dysfunction in the first trimester might play a 
key role in determining the risk of stillbirth even in late pregnancy (Smith et al., 2004). Galan 
et al. (1999) compared the fetal growth between ewes exposed to heatwave and those not 
exposed. They found that heatwave exposure in all stages of pregnancy could affect fetal and 
placental growth, and for ewes exposed to heatwave in earlier periods of pregnancy, even the 
removal of heatwave exposure in the later periods could not eliminate the intrauterine growth 
retardation (IUGR) associated with early heatwave exposure. 
I used six heatwave definitions to evaluate the birth-related effects of heatwave exposure. 
Comparisons of the effect estimates of stillbirth according to different heatwave definitions 
showed that based on 95th percentile of daily maximum temperature, the hazard ratios of 
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stillbirth were more likely to be non-significant because the 95% confidence intervals were 
wide. This is probably due to the lack of sufficient power to find the differences between 
exposed and unexposed groups as limited numbers of women were exposed to heatwave 
when using more stringent definitions.  
This study has several strengths. It is the first study that has examined the associations 
between heatwave exposure in each gestational month and adverse birth outcomes in a large 
cohort. Gestational month rather than trimester was used to estimate heatwave exposure in 
this study, and the results were adjusted for a range of potential confounders including 
maternal characteristics, socioeconomic status (SES), meteorological factors, and air 
pollutants. One of the main findings is that earlier gestational months might be the 
susceptible period for stillbirth associated with heatwave. Identifying potential susceptible 
windows during pregnancy is a key methodological challenge for studies on the association 
between environmental factors and birth outcomes (Dejmek et al., 1999; Lee et al., 2003; 
Woodruff et al., 2009). Woodruff et al. (2009) recommended that using exposure windows 
shorter than trimesters could capture more relevant fetal growth periods. In addition, the use 
of extended Cox regression model with time-dependent covariate makes it possible to take 
into account environmental exposure in other pregnant periods when exploring the effects of 
heatwave exposure in each gestational month. 
This study also has some limitations. Firstly, exposure errors may have occurred in this study 
because I used monitoring data to evaluate the individual-level environmental exposure. 
Besides, I calculated gestational month based on reported date of birth and gestational age in 
the record, and this may result in larger exposure misclassification compared with using the 
maternal last menstrual period (LMP). In addition, heatwave exposure in adjacent months 
might be correlated. Secondly, the limited stillbirth cases in this study might impact the 
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statistical power to find the differences between exposed and unexposed population, and 
make the results tend to towards the null hypothesis. Thirdly, information on several 
important potential confounders which may influence adverse birth outcomes was not 
available, for example maternal smoking and behavioral activity pattern. However, a large 
population-based study in New South Wales, Australia, compared the distribution of maternal 
smoking among three levels of SES (lowest, moderate, and highest) and found an inverse 
relationship between smoking and the levels of SES (Mohsin & Bauman, 2005). Therefore, in 
my study the maternal SES may also be a proxy indicator of the maternal smoking status to 
some extent. 
6.5 CONCLUSION  
In this study, I found a positive relationship between exposure to heatwave during pregnancy 
and spontaneous preterm birth by using different heatwave definitions, but I did not observe 
any susceptible windows for preterm birth. By contrast, earlier periods of pregnancy, that is 
the first 6 gestational months, were a susceptible period for stillbirth during which heatwave 
exposure seems to be particularly detrimental to fetal development and growth. Several 
recommendations can be put forward from a public health perspective. First, heatwave 
exposure in any time during pregnancy is harmful to maternal and fetal health. Therefore it is 
important to disseminate and communicate this knowledge to pregnant women and their 
families in order to raise their awareness of the birth-related hazards of high temperature and 
heatwave. Second, heat health warning systems have been implemented in many developed 
countries (Kovats et al., 2006; Toloo et al., 2013). However, in this study, a statistically 
significant risk of adverse birth outcomes was found even using the fairly low threshold 
temperature. My study indicates that meteorological and health care agencies should pay 
particular attention to pregnant women as a vulnerable group, and if possible, set specific 
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criteria for initiating heat warming systems for this group. Finally, an identification of the 
most susceptible windows during pregnancy for adverse effects of heatwave can help 
determine the best periods for effective interventions. Therefore, to achieve this important 
research goal, concerted efforts are required to confirm the research findings of this study in 
other populations.  
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Chapter 7 General discussion and conclusion 
7.1 OVERVIEW 
In this chapter, I summarise the key findings of the whole thesis, compare the findings with 
other studies, discuss the biological plausibility, strengths, and limitations of this study, 
assess the public health implications and make several recommendations for future research 
directions. 
7.2 KEY FINDINGS  
This population-based study, conducted in Brisbane, Australia, investigated the relationship 
between maternal exposure to heatwave and adverse birth outcomes by using a series of 
heatwave definitions. A comprehensive dataset, which included the birth data from 2000 to 
2010, corresponding socioeconomic data, meteorological and air pollution data, was used in 
this study. Extended Cox proportional hazard regression models with time-dependent 
covariates were performed. Detailed descriptions of the findings have been presented in each 
result chapters (chapters 4–6), I provide here an overview of the key findings from the whole 
thesis. 
7.2.1 Immediate effects of heatwave exposure on preterm birth and 
stillbirth 
The acute effects of heatwave exposure on adverse birth outcomes were examined in two 
result chapters (chapters 4–5). In chapter 4, preterm birth was the birth outcome of interest 
and in chapter 5 only risk of stillbirth associated with heatwave exposure was evaluated. In 
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these two chapters, I assigned heatwave exposure as a binary value (yes/no) according to the 
actual status of maternal heatwave exposure in the last gestational week before delivery, and 
assessed the associations between short-term heatwave exposure and birth outcomes of 
interest separately after adjustment for potential confounders. In general, for women who 
were exposed to heatwave during their last gestational weeks, increased risks of preterm birth 
and stillbirth were found compared with women without heatwave exposure by using most 
heatwave definitions. Taking HWD1 (daily maximum temperature was higher than 90th 
percentiles of distribution and lasted for 2 or more days) for example, compared with women 
who did not experience heatwave in their last gestational weeks, the risks of preterm birth and 
stillbirth increased by 28% (HR: 1.28, 95% CI: 1.16–1.40) and 42% (HR: 1.42, 95% CI: 
1.16–1.75), respectively when women were exposed to heatwave in the last gestational week. 
7.2.2 Long-term effects of heatwave exposure on preterm birth and 
stillbirth 
The long-term effects of heatwave exposure on adverse birth outcomes were also examined. 
In chapter 6, I explored the associations between heatwave exposure in each gestational 
month during pregnancy and adverse birth outcomes after controlling for confounders. There 
were, overall, positive relationships between preterm birth and heatwave exposure in each 
gestational month by using most of the heatwave definitions that I examined. I also found that 
maternal exposure to heatwave in early pregnancy (i.e., the first 6 gestational months) was 
more likely to increase the risk of stillbirth compared with heatwave exposure in late 
pregnancy.  
7.2.3 Influences of heatwave characteristics 
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This issue was examined in chapters 4 and 5. In chapter 4, 9 heatwave definitions were used 
through combining different cut-off percentiles (90th, 95th and 98th percentiles of maximum 
temperature) and durations (consecutive 2, 3, or 4 days). In chapter 5, I used the same 
heatwave definitions, but because stillbirth is a very rare event, there is a small number of 
stillbirths in the exposure category when defined heatwave by using the 98th percentile as the 
cut-off temperature. Therefore, only 6 heatwave definitions were used. Based on the results 
of these two chapters, similar trends of hazard ratios by using different heatwave definitions 
were observed: first, for the given percentiles (e.g., 90th and 95th percentiles), the effects of 
heatwave exposure on preterm birth and stillbirth did not increase when the duration of 
heatwave increased. Second, when 4-day duration was used to define a heatwave, a 
dose-response effect was observed with the increased cut-off percentiles. For instance, when 
the cut-off percentiles used for defining a heatwave increased from 30.38°C (90th percentile) 
to 32.52°C (99th percentile), the hazard ratios of preterm birth associated with heatwave 
exposure increased from 1.13 (95% CI: 1.03–1.24) to 2.00 (95% CI: 1.37–2.91) suggesting a 
dose-response effect. 
7.2.4 Effect modifications and vulnerable subgroups 
The effect modifications of maternal socio-demographic factors on adverse birth outcomes 
were assessed in chapter 5. I created the relevant interaction terms, which represent the 
potential interactions between each of the maternal characteristics and heatwaves, and added 
them into the main Cox regression model used separately in this study. In addition, the effects 
of heatwave on stillbirth among different subgroups were also estimated. 
The analyses showed that the associations between heatwave exposure and stillbirth were 
modified by maternal age, Indigenous status, maternal socioeconomic status, and baby’s 
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gender. This study found that women younger than 20 as well as having male foetus were 
more likely to experience stillbirth when exposed to heatwave during their last gestational 
weeks. 
7.2.5 Susceptible windows 
In order to explore the potential susceptible windows during which heatwave exposure might 
be particularly harmful to fetal growth, I examined the effects of maternal heatwave exposure 
in all gestational months during pregnancy on preterm birth and stillbirth in chapter 6. The 
results showed that, although there were statistically significant increased risks of preterm 
birth for heatwave exposure in each month, it remains unclear as to whether there are specific 
months of pregnancy that susceptibility is increased. For stillbirth, however, it seems that 
early pregnancy (i.e., the first 6 gestational months) might be key exposure windows for 
heatwaves. 
7.3 COMPARISON WITH OTHER STUDIES  
Statistically significant increased risks of preterm birth and stillbirth were found for women 
who exposed to heatwave during their last gestational week compared with women without 
heatwave exposure during the last gestational week. The acute effect of heatwave on preterm 
birth is consistent with findings in previous studies on ambient temperature and preterm birth, 
which found that the increased ambient temperature could affect preterm birth (Basu et al., 
2010; Dadvand et al., 2011; Schifano et al., 2013; Strand et al., 2012). In previous studies, the 
exposure timing during pregnancy varied in different studies. For example, heatwave 
exposure on the day of delivery (Basu et al., 2010; Schifano et al., 2013), one day before 
delivery (Dadvand et al., 2011), and exposure during weeks before delivery (Strand et al., 
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2012), were associated with preterm birth. Schifano et al. (2013) collected 10-year birth data 
in Rome, Italy, and analysed the related data by fitting a Poisson regression model. They 
found that the daily number of preterm births during heatwave days increased by 19% (95% 
CI: 7.91–31.69%) compared with non-heatwave days when they defined heatwave as 2 or 
more consecutive days with daily maximum temperatures over the 90th percentile. Several 
similarities and differences should be noted between my thesis and the study conducted by 
Schifano et al. (2013). Both studies chose births only in warm seasons to control for 
seasonality of births, and similar methods were used for defining heatwave in these two 
studies. However, Schifano et al. (2013) used the daily numbers of preterm birth as the 
dependent variable, and only considered the heatwave exposure on the day of birth. In my 
thesis, by using survival analysis, not only the heatwave exposure during the period of 
interest, but also the exposures in other times during the whole pregnancy were considered. 
To my knowledge, only one study has explored the relationship between ambient temperature 
and stillbirth (Strand et al., 2012), and the authors also found that higher ambient temperature 
during the last four and the last one gestational weeks were likely to increase the risks of 
stillbirth.  
No previous study has explored the potential long-term effects of maternal heatwave 
exposure on preterm birth and stillbirth, but the study conducted by Strand et al. (2012) found 
that a greater risk of stillbirth occurred when using the last 4 weeks of temperature exposure 
compared with the last week, and the authors also suggested that in future studies, 
longer-period temperature exposure should be considered.  
The heatwave effects on birth outcomes are influenced by both the duration and intensity of 
heatwave. A few studies have evaluated this issue by using a series of heatwave definitions 
(Anderson & Bell, 2010a; D'Ippoliti et al., 2010; Son et al., 2012; Tian et al., 2013; Tong et 
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al., 2010b). Most studies found that risks of morbidity or mortality increased with the more 
stringent heatwave definitions (Anderson & Bell, 2010a; D'Ippoliti et al., 2010; Son et al., 
2012). In addition, the results of this study also show that the estimations of risks of preterm 
birth are more likely to be affected by the intensity rather than the durations of a heatwave. 
This finding was partially supported by several studies (Anderson & Bell, 2010a; Tong et al., 
2010b). Tong et al. (2010b) conducted a case-crossover study in Brisbane and did a 
comprehensive comparison between the risks of emergency hospital admissions and mortality 
associated with heatwave by using 9 definitions combining a variety of cut-off percentiles of 
temperature and durations. The results showed that even a minor change in heatwave 
definitions could result in the variations in the heatwave-related risk assessment. With 
emergency hospital admissions for example, the adjusted odds ratios for heatwave-related 
morbidity increased by 10% when the cut-off temperature increased from 35 °C to 37 °C; but 
the odds ratios of mortality only increased by 2% when the durations of heatwave increased 
from 3 to 5 days. Anderson and Bell (2010a) also found that heatwave-related mortality 
increased by 2.49% for every 1°F increase in the cut-off temperature but only 0.38% for 
every 1-day increase in heat wave duration.  
This study found that the associations between heatwave exposure and stillbirth were 
modified by maternal age, Indigenous status, maternal socioeconomic status, and baby’s 
gender. For example, the analyses in different subgroups indicate that women younger than 
20 years old, Indigenous women, and women with low economic status were more likely to 
experience stillbirth when exposed to heatwave. Three previous studies have assessed the 
effect modifications of demographic factors and vulnerable subgroups (Basu et al., 2010; 
Dadvand et al., 2011; Schifano et al., 2013). Basu et al. (2010) stratified the whole population 
into several subgroups by infant’s gender, maternal age, ethnicity, and education, and 
examined potentially vulnerable subgroups. The authors found a higher risk for mothers aged 
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<20 years old than those aged between 20–35; compared with Asians, Hispanics, and whites, 
black mothers had the highest risk of preterm birth when exposed to high temperature. A 
higher risk of temperature-related preterm birth among very young mothers was also reported 
by Schifano et al. (2013). Younger mothers were particularly vulnerable to heatwave 
exposure because of the following reasons: mothers younger than 20 years old tend to be less 
educated, live on a low-level allowance, and have poor access to prenatal care (Fraser et al., 
1995). In addition, Indigenous mothers or mothers with low socioeconomic status might be 
more exposed to adverse environmental factors (Goy et al., 2008; Kramer et al., 2001; 
Woodruff et al., 2009). Akompad et al.(2013) investigated the knowledge, perceptions of 
heatwave, and adaptive behaviours in the Australian population and found that people with 
higher education levels and annual household income ≥$60,000 were more likely to practice 
good adaptive behaviours during a heat wave. 
Most studies on environmental factors and adverse birth outcomes focused on environmental 
exposure by trimesters (Faiz et al., 2012; Lawlor et al., 2005; Siniarska & Koziel, 2010). In 
addition, there are also a few studies which evaluated maternal exposure to air pollutants by 
gestational months (Dejmek et al., 1999; Lee et al., 2003). The results are inconsistent: 
increased environmental exposures during the first trimester (Lawlor et al., 2005; Olsson et 
al., 2013), the second trimester (Elter et al., 2004; Murry et al., 2000) and the whole 
pregnancy (Deschênes et al., 2009) were reported as the susceptible windows during which 
adverse environmental exposure could result in detrimental effects to fetal growth. This study 
found that heatwave exposure in any gestational months during pregnancy could influence 
preterm birth, but for stillbirth, it seems that early pregnancy is more susceptible to heatwave 
effects than other pregnant periods. Similar findings were reported in two other studies that 
evaluated maternal air pollution exposure by gestational months (Dejmek et al., 1999; Lee et 
al., 2003). Dejmek et al. (1999) examined the effects of maternal exposure of particulate 
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matters (PM10 and PM2.5) in every gestational month on fetal growth, and also found that 
maternal exposure to particulate matters in early pregnancy might adversely affect fetal 
growth.  
7.4 BIOLOGICAL MECHANISMS  
The biologic mechanisms by which heat stress influences birth outcomes remain to be fully 
clarified. However, several plausible hypotheses linking heat stress with adverse birth 
outcomes have been developed. The plausible biological mechanisms to date can be 
summarised and presented in the following diagram. 
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Oxidative stress pathways  Environment 
Mother 
Placental 
Fetus 
Heat stress 
Hypersecretion of two neurohypophyseal 
hormones 
      
Activation of maternal 
hypothalamic-pituitary-adrenal (HPA) axis 
Oxidative stress pathways 
Increased serum level of HSP70  
Reduce maternal-uterine blood flow & nutrient 
and oxygen transport 
Increased secretions of corticotrophin-releasing 
hormone (CRH) & cortisol 
Shifting fetal metabolic pathways 
IUGR Preterm birth Stillbirth 
 Figure 7.1 Possible biological mechanisms by which heat stress influences birth outcomes 
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An animal study conducted by Dreiling et al. (1991) suggested that maternal acute and 
prolonged heat stress exposure could exaggerate the secretion of two neurohypophyseal 
hormones, oxytocins (OT), and antidiuretic hormone (ADH), which reduce uterine blood 
flow (UBF), then induce intrauterine growth retardation (IUGR) through shifting fetal 
metabolic pathways, and finally resulted in adverse birth outcomes such as stillbirth. In 
addition, the hypersecretion of ADH could exceed the capacity of a type of enzyme, which 
could prevent premature OT-induced labour and lead to preterm birth. 
Fetal temperature is dependent on maternal temperature, fetal metabolic rate, and the uterine 
blood flow (McMurray et al., 1990). Since the fetal metabolic rate is higher than an adult, the 
fetal temperature constantly remains higher than adults, so it is physiologic for the heat 
transfer from the foetus to the mother. If the heat transfer is blocked by a particular reason, 
for example, the mother’s body temperature increases due to heat exposure, the heat will be 
accumulated within the foetus. Therefore, maternal hyperthermia could result in fetal hypoxia 
and adverse birth outcomes through reducing uterine, uteroplacental, and umbilical blood 
flow (Asakura, 2004; Edwards et al., 2003). 
Wang et al. (2001) reported that maternal environmental exposure such as heat stress, toxins, 
or maternal or fetal genes could make a synchronous effect on fetal growth through activating 
maternal hypothalamic-pituitary-adrenal (HPA) axis and further trigger stress-induced 
preterm birth. 
Galan (1999) investigated the relationship between fetal growth and the duration of heat 
stress and found that exposure to heat stress in early pregnancy and late pregnancy could both 
induce placental insufficiency and IUGR. Furthermore, the detrimental effects caused by heat 
stress in early pregnancy were irreversible to some extent. 
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Several studies also reported that heat stress protein 70 (HSP70), which can be produced 
rapidly by human tissues when exposed to psychological or environmental stress such as heat 
stress, might play a key role in adverse birth outcomes such as preterm birth and 
pre-eclampsia associated with heat stress (Beere & Green, 2001; Fukushima et al., 2005; 
Molvarec et al., 2006; Molvarec et al., 2009).  
7.5 STRENGTHS OF THIS THESIS  
This thesis has four key strengths. First, this is the first study to explore the effects of 
heatwave on both preterm birth and stillbirth. Heatwave exposure is found to be one of the 
potential risk factors of preterm birth and stillbirth, and this finding may provide valuable 
information on the prevention of heat-related adverse birth outcomes.  
Second, this is also the first study investigating the impact of maternal heatwave exposure on 
birth outcomes in each gestational month; in other words, not only the immediate 
birth-related effects but also the long-term effects of heatwave were estimated in this study. 
In addition, this study also explored susceptible windows of heatwave in relation to birth 
outcomes.  
Third, in this study, birth outcomes of interest were treated as time-to-event variables, and 
survival analysis was conducted. Cox regression has been used in several studies on the 
associations between environmental factors (e.g., air pollution & ambient temperature) and 
birth outcomes (Chang et al., 2012; Platt et al., 2004; Son et al., 2010; Strand et al., 2012). 
The Cox regression model has several important advantages over other statistical methods: it 
allows for examining the impact of both individual risk factors and time-related factors 
simultaneously (Lepeule et al., 2006); in addition, most other statistical approaches ignore the 
temporal nature of gestational age and treat it just as an independent variable in the model 
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rather than a time axis (Platt et al., 2004). Peters et al. (2006) conducted a multi-city study to 
assess the risks of recurrent hospitalisation of incident myocardial infarction survivors 
associated with air pollution and compared three major methods broadly used in 
environmental epidemiology (Poisson regression, case-crossover study and extended Cox 
regression). The results of that study also indicated that extended Cox regression is suitable 
for a simultaneous estimation of long-term and short-term health effects of time-varying 
exposures. Cox regression is also superior to the other two methods on assessment of 
susceptibility of subgroups because compared with Poisson regression and case-crossover 
study; it is the only method that could estimate the main effect of modifiers (Peters et al., 
2006; Platt et al., 2004).  
Finally, in this study, only spontaneous births were included in the study when exploring the 
relationship between heatwave and preterm birth, which reduced the chance of 
misclassification of birth outcomes of interest. According to the clinical conditions, preterm 
birth can be further stratified into spontaneous birth and indicated preterm birth, which 
follows maternal or fetal medical complications that necessitate iatrogenic prompt delivery 
and elective preterm deliveries (Ananth & Vintzileos, 2006; Pennell et al., 2007). In USA, 
45–50% of preterm births were spontaneous onset of labor; 25–30% was the consequences of 
the premature rupture of membrane (PROM), whereas another 20% could be induced by the 
maternal or fetal medical conditions to perform a cesarean section or another surgical 
intervention (Goldenberg et al., 2008). As induced and elective preterm births are more likely 
to be caused by iatrogenic factors or maternal subjective choices, if I include these two types 
of preterm birth into my study, an overestimation of the birth-related effects attributed to 
heatwave would arise. 
7.6 LIMITATIONS OF THIS THESIS  
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This study also has three major limitations. First, environmental data in this study were 
collected from monitoring stations. Measurement errors in environmental exposure such as 
air pollution and meteorological factors may be inevitable. For example, the average 
concentrations of air pollutants from several monitoring stations were used, which might not 
represent the actual level of maternal personal exposure. Individual levels of environmental 
exposure could be affected by their own time-activity patterns, and the use of air conditioning. 
In addition, I used the area-based SEIFA data to represent maternal socioeconomic status, 
and the comparison of SEIFA data across an 11-year period might also make the estimation 
of maternal socioeconomic status inaccurate to some extent. 
Second, the birth information used in this study is secondary data collected from the 
Queensland Perinatal Data Collection (PDC) System. It lacks information on several 
important maternal behaviour risk factors of birth outcomes of interest such as maternal 
smoking, maternal nutrition status, and alcohol intake, which makes it impossible to control 
for these confounders. Furthermore, as mentioned in chapter 3, the PDC collects birth data 
from all public and private hospitals, practitioners, and private midwifery; it could not 
capture birth records of mothers who were usually living in Queensland, but delivered babies 
outside Queensland, or most homebirths (Queensland Health, 2012). Besides, this system 
only includes births after the 18th gestational week. As a consequence, it would 
underestimate the actual impacts of heatwave on preterm birth and stillbirth. Furthermore, in 
order to avoid overestimating the impacts of heatwave on adverse birth outcomes, I excluded 
all cesarean and induced births in this study. However, some of these births might be 
associated with heatwave. In addition, based on my current dataset, I could not exclude 
anomalous stillbirths in this study as there was no such kind of information, which may be 
more likely to contribute “noise” to the data analysis. 
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Third, this study only used one-city data to examine the relationship between heatwave and 
adverse birth outcomes, although my results provide supportive evidence to the findings of 
one previous study on this issue (Strand et al., 2012). It is necessary to be cautious to 
generalise the findings of this study to other places because the climate patterns and 
population characteristics are diverse in different areas. 
7.7 IMPLICATION OF THE RESEARCH FINDINGS  
As climate change progresses, heatwave events are becoming more common, frequent, 
prolonged, and intense in some areas. It is important to understand the potential health burden 
of heatwaves. This study found that heatwave exposure during any period of pregnancy can 
influence preterm birth, while both short- and long-term effects of heatwave exposure on 
stillbirth were also observed. These findings may have the following important public health 
implications. 
First, these findings suggest that heat stress may play an important role in the etiology of 
adverse birth outcomes. From a public health perspective, information on the hazards of 
heatwave and ways to reduce heatwave exposure for pregnant women should be disseminated 
to the general public and medical professionals, as well as care providers. For instance, 
pregnant women should be educated on how to minimise heatwave exposure during 
pregnancy (e.g., change of time-activity patterns, staying indoors with air conditioning or 
fans, proper use of cooling measures, and fluid intake). Meanwhile, medical professionals 
such as medical practitioners and midwives should be aware of the hazards of heatwave 
exposure for pregnant women and be prepared to educate and counsel pregnant women on the 
importance of avoiding heatwave exposure during pregnancy, and on ways to minimize the 
hazards. 
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Second, the associations between heatwave exposure and adverse birth outcomes were 
modified by maternal age, Indigenous status, maternal socioeconomic status, and baby’s 
gender. Women younger than 20 years old, Indigenous women, and women with low 
economic status were more likely to experience stillbirth when exposed to heatwave. 
Moreover, these vulnerable subgroups may have been more prone to having fewer 
opportunities to access medical resources or to use air conditioning or fans at home, which in 
turn aggravates the birth-related hazards of heatwave. As a consequence, determining the 
most vulnerable subgroups can provide some evidence to improve the efficiency and benefits 
of public health interventions. For example, health policy makers and health care agencies 
should make prevention plans and programs specifically target and give priority to these 
vulnerable subgroups (Bambrick et al., 2011; Haines et al., 2006). 
Third, this study also found that the effects of heatwave were determined by both duration 
and intensity. Compared with duration, it seems that the intensity of heatwave has a greater 
impact on birth outcomes. This finding may provide valuable information for optimising the 
current heat health warning systems. In Australia, most states have developed basic heatwave 
warning systems based on local climate. However, these heatwave warning systems are in 
their early stages of implementation. It is well known that climate is one of the important 
determinants of population health (Kovats & Hajat, 2008), and therefore, developing a proper 
definition of heatwave is a vital first step for better heat health warning systems. This study 
found that when daily maximum temperature was higher than 30.38 °C and lasted for 2 
consecutive days, a robust relationship between heatwave and adverse birth outcomes was 
observed in Brisbane, Australia. Brisbane is a subtropical city with a relatively moderate to 
high ambient temperature, and Brisbane City Counsel defines heatwave as an event when 
there are more than a few days in a row above 34 degrees. If the findings in this study are 
confirmed by other studies, a more specific heatwave definition with a lower threshold should 
199 
 
be developed for the heatwave alerting system in order to protect the health of pregnant 
women and infants in Brisbane. 
7.8 RECOMMENDATIONS FOR FUTURE RESEARCH  
This study examined the effects of heatwave on two main adverse birth outcomes, preterm 
birth and stillbirth, using a retrospective cohort study design. A number of recommendations 
can be made on the basis of research findings of this study as follows: 
This study showed that maternal exposure to heatwave can influence birth outcomes such as 
preterm birth and stillbirth. But since only a few studies on this issue have been undertaken, 
more studies should be done to confirm the findings in this study. In addition, because this 
study was only conducted in one Australian city, multi-city studies are recommended in the 
future that include different population characteristics and regional climate differences.  
This study found the effect modifications of several maternal demographic factors on the 
association between heatwave and adverse birth outcomes, but as effect modification is an 
important but complex topic, it is necessary for future studies to confirm the effect 
modifications. In addition, since the interactions between heatwave and more than one 
demographic factor were found in this study, more sophisticated study design and statistical 
models are imperative to examine the interactions between heatwave and two or more other 
factors simultaneously. 
It is necessary and efficient to use birth registration data to assess relations between 
environmental exposure and adverse birth outcomes. However, lack of information on some 
important risk factors for birth outcomes of interest can render some uncertainties. Expanding 
the data source and collecting more information on confounding factors are both needed in 
future studies. For example, instead of using secondary data, a perspective cohort study or 
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panel study could be conducted to observe pregnant women’s behaviours because a nine- or 
ten-month pregnant period is not a long duration compared with the other health outcomes. 
Time-activity patterns of pregnant women as well as air conditioning usage during the 
heatwave period are two key confounding factors for heatwave exposure. It is strongly 
recommended that information is collected on these factors in the future studies. For instance, 
a well-designed time-activity log for pregnant women could be one of the effective tools used 
to measure the actual indoor and outdoor activities of pregnant women, and further make the 
measurement of high temperature or heatwave exposure more accurate. 
Identifying susceptible gestational periods during which heatwave exposure is particularly 
detrimental to fetal growth is one of the key methodological challenges. As this is the first 
study to explore the period of susceptibility for heatwave exposure by dividing the whole 
pregnancy into different gestational months, there are several technical issues to consider. For 
example, correlations of heatwave exposure in neighbouring gestational months may bias the 
finding in this study. New ideas and novel statistical approaches should be developed to solve 
these issues. Besides this, since the biological mechanisms by which heatwave affect birth 
outcomes is unclear, more animal studies on biological exploration, as well as defining 
susceptible windows, are recommended.    
Finally, methodological comparisons could be done to examine the consistency of the 
findings in this study using other study design and statistical models, for example a 
case-crossover study and Logistic regression. 
7.9 CONCLUSIONS  
This study identified and quantified the associations between heatwave exposure and adverse 
birth outcomes in Brisbane, Australia. Furthermore, the vulnerable subgroups and the 
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susceptible windows during pregnancy were also explored. Findings in this study indicate 
that heatwave exposure at any stage of pregnancy can be harmful to fetal growth, and further 
increase the risk of adverse birth outcomes. Heatwave has not only an immediate, but also a 
long-term, effect on preterm birth and stillbirth. The heatwave effects on birth outcomes 
could be influenced by duration and intensity of heatwave. The associations between 
heatwave exposure and stillbirth were modified by maternal age, Indigenous status, maternal 
socioeconomic status, and baby’s gender. These findings may provide useful information for 
exploring the biological mechanisms of adverse birth outcomes and may also have significant 
implications for public health policies and interventions to prevent heatwave-related birth 
effects. 
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A1 Results of basic descriptive analyses  
 
Figure A1-1 Yearly distribution of all singleton births during 2000-2010 in Brisbane, 
Australia  
 
Figure A1-2 Births in different months during 2000-2010 in Brisbane, Australia 
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Figure A1-3 12-month trends of all singleton births in 11 years in Brisbane, Australia 
(2000-2010) 
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Figure A1-4 Different birth types among all singleton birth in Brisbane, Australia 
(2000-2010) 
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Table A1-1 Month distribution of all singleton births during 2000-2010 in Brisbane, Australia 
 
 
 
 
 
 
 
 
 
 
Month All births All live births 
All preterm 
births 
Percentage of 
preterm birth Stillbirth 
Percentage of 
stillbirth 
Singleton live 
birth 
Spontaneous 
preterm birth 
Percentage of spontaneous 
preterm birth 
Jan 22,821 22,664 1,548 6.83% 157 0.69% 12,936 825 6.38% 
Feb 21,690 21,540 1,518 7.05% 150 0.69% 12,145 814 6.70% 
Mar 24,161 24,045 1,591 6.62% 116 0.48% 13,408 840 6.26% 
Apr 23,254 23,112 1,522 6.59% 142 0.61% 13,034 814 6.25% 
May 23,750 23,597 1,542 6.53% 153 0.64% 13,419 799 5.95% 
Jun 24,018 22,526 1,661 7.37% 132 0.55% 12,750 908 7.12% 
Jul 22,658 23,873 1,628 6.82% 145 0.64% 13,529 870 6.43% 
Aug 23,752 23,628 1,626 6.88% 124 0.52% 13,230 856 6.47% 
Sep 23,490 23,357 1,548 6.63% 133 0.57% 13,113 832 6.34% 
Oct 23,315 23,166 1,469 6.34% 149 0.64% 13,019 748 5.75% 
Nov 21,643 21,503 1,449 6.74% 140 0.65% 11,831 747 6.31% 
Dec 22,581 22,439 1,585 7.06% 142 0.63% 12,359 868 7.02% 
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Table A1-2 Monthly distribution of stillbirth in each year during 2000-2010 in Brisbane, Australia  
  
Month 
Year 
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 
Jan 14 9 11 11 14 15 9 22 16 20 16 
Feb 13 15 11 9 12 15 12 14 13 17 19 
Mar 12 16 11 7 11 7 10 5 10 15 12 
Apr 10 14 13 9 12 11 13 12 14 16 19 
May 17 17 12 8 13 19 9 18 11 21 8 
Jun 6 7 7 11 16 14 13 20 10 16 12 
Jul 6 8 15 11 12 11 16 12 17 23 14 
Aug 10 13 9 6 11 13 15 12 12 9 14 
Sep 6 12 13 16 12 13 13 15 7 14 12 
Oct 11 10 7 17 15 11 18 13 18 14 15 
Nov 14 10 8 12 11 17 12 10 14 17 15 
Dec 8 13 9 12 18 15 11 18 13 11 14 
In total 127 144 126 129 157 161 151 171 155 193 170 
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Figure A1-5a: Normality test of all environmental factors during 1999-2000 in Brisbane, 
Australia 
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Figure A1-5 b: Normality test of all environmental factors during 1999-2000 in Brisbane, 
Australia 
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Figure A1-6: Scatter plot of environmental factors during 1999-2010 in Brisbane, 
Australia 
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A2 Results of the Post-hoc Power analysis of Cox regression 
Table A2-1. Statistical power analysis of Cox 
regression in this study 
Hazard 
Ratios 
Preterm birth  
(N=154,785) 
Stillbirth 
(N=1683) 
statistical power statistical power 
1.01 0.879 0.069 
1.02 >.999 0.128 
1.03 >.999 0.227 
1.04 >.999 0.361 
1.05 >.999 0.514 
1.06 >.999 0.664 
1.07 >.999 0.79 
1.08 >.999 0.883 
1.09 >.999 0.941 
1.10 >.999 0.974 
1.11 >.999 0.99 
1.12 >.999 0.996 
1.13 >.999 0.999 
1.14 >.999 >.999 
1.15 >.999 >.999 
1.16 >.999 >.999 
1.17 >.999 >.999 
1.18 >.999 >.999 
1.19 >.999 >.999 
1.20 >.999 >.999 
 
 
 
 
 
 
219 
 
A3 Supplementary materials for Chapter 4 
Table S4.1. Hazard ratios (HRs) of preterm birth of single-pollutant models for women who 
experienced a heatwave in their last gestational weeks in a birth cohort during 2000-2010, 
Brisbane, Australia 
HWDs Unadjusted -for 
–pollutant 
Models 
HR (95%CI) 
Single-pollutant models 
Model 1 
HR (95%CI) 
Model 2 
HR (95%CI) 
Model 3 
HR (95%CI) 
Model 4 
HR (95%CI) 
HWD1 1.29 (1.19-1.41) 1.39 (1.27-1.52) 1.30 (1.19-1.42) 1.25 (1.15-1.37) 1.29 (1.18-1.40) 
HWD2 1.20 (1.10-1.31) 1.27 (1.16-1.39) 1.20 (1.10-1.30) 1.17 (1.07-1.28) 1.18 (1.08-1.30) 
HWD3 1.09 (0.99-1.19) 1.14 (1.03-1.25) 1.12 (1.02-1.22) 1.07 (0.97-1.17) 1.07 (0.97-1.17) 
HWD4 1.02 (0.93-1.13) 1.12 (1.01-1.24) 1.19 (1.08-1.31) 0.97 (0.88-1.07) 1.01 (0.92-1.11) 
HWD5 1.00 (0.89-1.11) 1.08 (0.96-1.21) 1.14 (1.02-1.27) 0.97 (0.87-1.08) 0.97 (0.87-1.08) 
HWD6 1.06 (0.93- 1.21) 1.16 (1.01-1.33) 1.23 (1.07-1.40) 1.04 (0.91-1.19) 1.04 (0.91-1.19) 
HWD7 0.95 (0.85-1.08) 1.05 (0.92-1.19) 1.23 (1.08-1.39) 0.90 (0.79-1.02) 0.94 (0.83-1.06) 
HWD8 0.90 (0.74-1.08) 0.95 (0.79-1.15) 1.17 (0.97-1.42) 0.87 (0.72-1.06) 0.88 (0.73-1.06) 
HWD9 1.15 (0.80-1.65) 1.26 (0.87-1.81) 1.80 (1.24-2.60) 1.16 (0.80-1.68) 1.16 (0.81-1.68) 
* 95%CI: 95% confidence intervals; Model 1: Adjusted for PM10 and other covariates 
(including maternal indigenous status, age, marital status, gender of infants, humidity and air 
pressure); Model 2: Adjusted for O3 and other covariates; Model 3: Adjusted for CO and 
other covariates; Model 4: Adjusted for NO2 and other covariates. 
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Figure S4.1-S4.13: Plots of checking proportional hazards assumptions of all variables 
 
Figure S4.1. Checking proportional hazards assumptions for heatwave (HWD 4) 
 
Figure S4.2. Checking proportional hazards assumptions for SEIFA scores 
Variable “disvin” in this figure refers to Index of Socio-Economic Disadvantage.   
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Figure S4.3. Checking proportional hazards assumptions for maternal age 
 
 
Figure S4.4. Checking proportional hazards assumptions for Indigenous status 
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Figure S4.5. Checking proportional hazards assumptions for marital status  
 
Figure S4.6. Checking proportional hazards assumptions for baby’s gender 
 
223 
 
 
Figure S4.7. Checking proportional hazards assumptions for parity 
 
Figure S4.8. Checking proportional hazards assumptions for relative humidity 
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Figure S4.9. Checking proportional hazards assumptions for air pressure 
 
 
Figure S4.10. Checking proportional hazards assumptions for PM10 
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Figure S4.11. Checking proportional hazards assumptions for O3 
 
 
 
Figure S4.12. Checking proportional hazards assumptions for CO 
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Figure S4.13. Checking proportional hazards assumptions for NO2 
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A4 Supplementary materials for Chapter 5 
Table S5.1: Sensitive analysis: hazard ratios (HR, 95% CI) of stillbirth  
associated with heatwave (HWD4) exposure among different subgroups 
in warm season in Brisbane, Australia, 2000-2010 
 Factors 
Adjusted Hazard ratios 
(95% CI) 
Age group 
 <20    2.67 (1.27-5.61) 
  20-34      1.35 (1.06-1.73) 
>34 1.00 (0.60-1.62) 
  Marital status 
 Married/de facto  
married  1.26 (1.00-1.58) 
 Unmarried  1.76 (1.10-2.81) 
  Indigenous status 
 Indigenous 1.43 (0.52-3.93) 
Non-Indigenous 1.34 (1.08-1.66) 
  Baby's gender 
 Male 1.43 (1.09-1.89) 
Female 1.24 (0.90-1.70) 
  Parity 
 primiparity 1.51 (1.15-1.98) 
multiparity 1.14 (0.82-1.57) 
  Social-economic status 
 Low 1.42 (1.11-1.82) 
Middle to high 1.18 (0.80-1.72) 
  Education and occupation  
status 
 Low 1.66 (0.99-2.77) 
Middle to high 1.29 (1.03-1.62) 
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A5 Ethical & Public Health Act applications 
Ethics Application Approval – 1100000351  
Research Ethics [ethicscontact@qut.edu.au] 
Sent: Tuesday, 19 April 2011 
To: JIAJIA WANG; Shilu Tong 
Cc: Janette Lamb  
                                                                                                                                                                                                                                                                                                                                                              
Dear Miss Jiajia Wang 
 
Project Title: 
An assessment of the effect of heat waves on pregnancy outcomes in 
Brisbane, Australia 
 
Approval Number:     1100000351 
Clearance Until:        18/04/2014 
Ethics Category:        Human 
 
This email is to advise that your application has been reviewed by the 
Chair, University Human Research Ethics Committee, and confirmed as meeting 
the requirements of the National Statement on Ethical Conduct in Human 
Research. 
 
Whilst the data collection of your project has received ethical clearance, 
the decision to commence and authority to commence may be dependent on 
factors beyond the remit of the ethics review process. For example, your 
research may need ethics clearance from other organisations or permissions 
from other organisations to access staff. Therefore the proposed data 
collection should not commence until you have satisfied these requirements. 
 
If you require a formal approval certificate, please respond via reply 
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email and one will be issued. 
 
Decisions related to low risk ethical review are subject to ratification at 
the next available Committee meeting. You will only be contacted again in 
relation to this matter if the Committee raises any additional questions or 
concerns. 
 
This project has been awarded ethical clearance until 18/04/2014 and a 
progress report must be submitted for an active ethical clearance at least 
once every twelve months. Researchers who fail to submit an appropriate 
progress report may have their ethical clearance revoked and/or the ethical 
clearances of other projects suspended. When your project has been 
completed please advise us by email at your earliest convenience. 
 
For variations, please complete and submit an online variation form: 
     http://www.research.qut.edu.au/ethics/forms/hum/var/variation.jsp 
 
Please do not hesitate to contact the unit if you have any queries. 
 
Regards 
 
Janette Lamb on behalf of the Chair UHREC 
Research Ethics Unit   |   Office of Research 
Level 4   |   88 Musk Avenue   |   Kelvin Grove 
p: +61 7 3138 5123 
e: ethicscontact@qut.edu.au   
w: http://www.research.qut.edu.au/ethics/ 
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A6 Publications by the candidate on matters relevant to the thesis 
Journal article: 
Wang, J., Williams, G., Guo, Y., Pan, X., Tong, S. (2013). Maternal exposure to heatwave 
and preterm birth in Brisbane, Australia. BJOG: An International Journal of Obstetrics & 
Gynaecology. 12 (3): 1631-1641 
Conference presentations: 
Wang, J, Williams, G., Guo, Y., Pan, X., Tong, S. Heatwaves and the length of gestation in 
Brisbane, Australia 
Poster presentation: The 24th annual conference of the International Society of Environmental 
Epidemiology (ISEE).  
Columbia, South Carolina, USA. 26-30 August 2012 
Wang, J., Yu, V., Williams, G., Pan, X., Tong, S. Exposure to a heatwave during pregnancy 
and stillbirth: a case crossover Study 
Tong, S., Wang, J., Yu, V., Williams, G., Pan, X. Maternal exposure to heatwave and the 
risk of preterm birth 
Oral presentation: The 2013 Conference of ISEE, ISES and ISIAQ  
Basel, Switzerland. 19-23 August 2013 
 
 
 
